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ASD-TBR»63-:A66 


FOREWORD 


This  repbrt  summarises  the  result n  of  Project 'No.  8255*  Task  No. 
,8225P3i>  accomplished  under  Air  Force  Contract  No.  AF33( 657) t.7731 
v.i- under  cognizance  of  Mr.  Morris  Ostgaard  of  ASD,  Principle  con-; 

,  ■  tritoutora  to:  the  project  were  Messrs.  W.  B,  Spring,  Project  Manager, 

4  3  D.  F./Herdeg,  Project  Engineer  and  H.  W.  Prdbtor,  G.  P.  Scott  and 
J.  F.  Shaw,  Jr,,  all  of  the  Harmonic  Drive  Division.,  of  United  Shoe 
Machinery  Corporation,  and  Dr.  0. "C".  Newton,  Jr,  of  Nawto’n  Associ¬ 
ates .  Dr Newton  served  as  a  consultant  throughout  the  project  as 
well  as  contributing  tp  th,jw  report.  Ills  aid  and  encouragement 
..  are  gratefully  acknowledged.  ’  0 

“  '  ..  '■('  .  ...  ..  '  "• 

5  The  Project  covered  the  period  from  January, ” 1962  to  February  1963. 

. '  This  is  the  final  report.,  ..  ■-  •  •” 
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ABSTRACT 


In  this  research  and  development  project  fche  feasibility  of  a  new 
type  of  low  inertia  electrical  servo  actuator,  designated  Electro¬ 
magnetic  Harmonic  Drive,  Is  demonstrated.  Drastic  reduction  in 
inertia,  compared  to  conventional  electrical  devices,  provides  for 
increased  power  rate,  power  rate  to  ’weight,  and  power  rate  to 
electrical  loss  characteristics,  which  are  shown  to  best  determine 
the  usefulness  of  an  actuator  for  fast  response,  light  weight, 
efficient  ser^o  systems.  A  fundamental  analysis  is  made  of  the 
requirements  for  optimizing  these  parameters.  The  relative  feasi¬ 
bilities  of  various  electro-ubgnetic  configurations  for  meeting 
these  requirements  are  discussed  in  depth. 

It  is  shown  that  two  forms  of  the  electromagnetic  Harmonic  Drive 
concept  offer  the  most  promise.  The  first  is  a  stepping  device 
which  offers  all  the  advantages  of  digital  control  systems .  It 
has  the  higher  response  capability  and  is  therefore  the  primary 
type .  The  second  form  is  a  synchronous  device  with  constant  torque 
output  but  a  somewhat  lower  response  capability, 

Following  detailed  analyses  of  both  types,  models  were  designed, 
manufactured,  tested  and  evaluated  in  comparison  with  conventional 
devices .  Experimental  results  correlate  we^o  with  the  analyses . 
Examples  of  applications  are  given,  typioaT  of  aeronautical  systems 
as  well  as  other  fields.  Mathematical  -expressions  for  scaling  the 
models  to  other  sizes  are  developed,  (advanced  concepts  are  present¬ 
ed  for  obtaining  improved  mechanization!  more  versatile  operation, 
and  packaging  for  field  environments,  implications  upon  electrical 
control  systems,  resulting  from  the  advance  In  performance  provided 
by  ih--'  new  device,  are  discussed.. 

imio/iTioN  mm 
\ 

This  report  has  been  reviewed  and  ia  approv^. 

FOR  THE  DIRECTOR t 

LA. WHENCE  C.  WRIGHT 
Lt.  Colonel,  USA? 

Chief,  Flight  Control  Division 
AF  Flight  Dynamics  laboratory 
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LIST  OF  SYMBOLS,  XM1T3  AMD  ABBjRB'VIi1 


General  ■  -  a*  " 

The  same  symbols  are  employed  throughout;  the  report  for 
.  the  same  type  of  quantities,  and  these  are  defined  herein, 
together  with  a  few  gene rally -used  subscripts.  However, 
many  subscripts  are  necessary  to  represent  various  pai’ts 
of  the  devices.  It  is  felt  best  to  explain; the  use  of 
specifically  used  ones  in  each  section  or  appendix,  wtjjepe-  " 
,,5  .  ever  they  appear.  .j 

ji  In  general,  unless  otherwise  noted,  the  rationalised  MKS 
r  system  of  unit?,  is  used  throughout  because  of  greater 
convenience  in  making  magnetic ,  inertia,  and  other  cal- 
culations.  However,  for  the  benefit  of  many  readers  not 
familiar  with  this  system,,  results  are  often  transformed 
.  into  English  units.'  Power  rate  is  given  in  kilowatts/sec . 


Standard  electrical  symbols  are  used  on  schematics  and 
in  accompanying  discussions. 
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Symbol 

Unit. 

A*bb-if S V t iOEJ v  j  :j 

& 

•  •  ■  ■>  ..  ..  .... 

P 

2  ’  .  ;  -f 

A 

'  Area 

mot  er 

m  • 

■  ’  t  ■■  a" 

Constant  dimension 

.meter 

m 

i 

•=  .  b 

Constant  dimension  - 

meter 

m  ■  1  .:  .  ■  , ' 

% 

C  ■ 

A  constant ' 

f 

c 

■;  Constant  dimension 

meter/ 

i  -  in': 

$ 

'}  P  ■ 

Diameter' 

meter-'  " 

m 

■}< 

*  £■  EL 

Harmonic  Drive  pitch  diameter 

meter 

m 

1 

1  dp  '  • 

(By  itself.,)  Harmonic.  Drive  de~ 

- 

i 

flection;  (with  another  function) 

i- 

Differential  operator 

■II 

it 

,  . '  .  E 

Voltage ,  effective  or  mis 

volt 

V  •  '  ;  .. 

i 

,  e 

Young's  modulus  of  elastl-  \  - 

y  .I 

•’•city  ' 

=  t 

1  •'  ' 

L.  "■  6  ‘ 

Voltage,  instantaneous' 

volt 

'  V  „  ; 

*  ■ 

■■■  i  -V.  EHD 

Electromagnetic  Harmonic;!  Drive 

1 

EHD-1* 

Rotating  Field,  powder  and  cere 

4 

", •  S-  "■  .  •  ‘  "  ;  .  . 

armature,  with  cup  shapes  plas- 

«»'  .  ’  it  •  •  ’  - 

tic  flexspline,  no  teeth. 

S’  '  ’ 

*  ,  EHD-2 

Rotating  Field,  powder  and  core 

;  , 

I  ' 

armature,  with  bell  shape, 

I 

ii  ■ 

%  .  . 
t  ’ 

■'  _  '  . 

metal  flexspline,  with  teeth. 

EHD-3 

Stepping  Actuator  Type 

s('  ...  ■  .  ’•  '  "  •  . 

si'  • 

’  •  EHD-4 

Rotating  Field,  Link  Armature, 

i 

with,. bell  shape,  metal  flex- 

. 

spline,  with  teeth. 

y 

F 

Force  ■■  -•  •  " 

Newtons 

n  ,.t  i  ., 

Fa 

Average-  magnetic  force  produced 

,  Newtons 

n 

P 

by . one  magnet . 

5n  , 

-■  Ip'  :■  Fc 

Centrifugal  force  *•  ,  0 

Newtons 

P  -  ", 

Fn 

Deflection  force 

Newtons.. 

n  '  ,,  .  ....  ■  '  • 

t 

F? 

Inertia  force  - 

Newtons;, 

h  ■».'  ( ; 

.36  . 

Ft, 

Radial  force  due  ito  the  e!x-  L 

Nektons. 

n  ..  /■  "  ,  i 

A. 

temal:>  torque,  load,' 

■■■  '■ ., 

M .  ' 


a 


pN. 

FQ 


Total  radial  force-  produced  Newtons 

at  both  air  gaps'  of  a  "U" 

3hape  magnet,  or  by  all  acting 
stator  tebth,  referred  to  the 
‘V«  plane  of  the  teeth.  “. 

Tocith  separating'1  force  Newtons 

■  ;  .  Magnetic  force  produced  at  one  Newtons 
of '  tjie  two  air  gaps  of  a  "U” 
shaped  magnet  or  by  one  "tooth" 


h 


n 

n 


of  ar stator. 


R 


Radial  force  produced  at  the-  Newtons 
major  axle  due  tb;'  'all  .magnetic 
forces  acting  together,  '  \  1  V  ? 


n 


3er'iaii.2Qd  in;'  order*  of  ,  manufacture'  of  model 
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..  a. 

.  a. 


•'T 


f 

f(  ) 

ff 

1 g 
H 


Tangential  .force  produced  at 
■  the  major  axis  due  to  all 
fnagnetic  forces  acting  to¬ 
gether  .■ : 

Frequency. 

Function  of 

Coefficient  of  friction 
Constant  gap  length  dimension. 
Magnetic  field  intensity 


%  ■  -X  .. 

h 

Heat  transfer  coefficient  j  ; 

y.  . 

I 

Current,  effective  or  rms 

^  .  .  ;  /  .. 

,  i  " 

Current/instantaneous 

.  J 

Inertia  ' 

•ii.  ■  '  . 

.'■'Unit  Abbreviation 

Newtons  ...  .  n 

oycl.es/seci  eps 


"*  meter  m 

ampere -turn/  a-t/m 
meter 

watt/inch  -  , 

deg .  C 


JM 


Effective  inertia  of  the  arma¬ 
ture  due  to  harmonic  motion. 
Effective  inertia  of  the  flexr*- 
3pline  due  to  harmonic  motion. 
Total  inertia  of  the  actuator 

Inertia  of  the  armatures  due 
to  output-speed  rotary  motion. 
Inertia  due  to  output  speed 
rotation  of  .the  output  shaft' 
and  attached  elements .  a 
ITT 


ampere 
kilogram- 
meter'3 
kilogram- 
meter^ 
kilogram- 
v  meter  • 
kilogram- 
meter^ 

.  kilogram- 
meter^  ‘ 
kilogram- 
meter^ 


w /in.  -C 
a 

./•  a 

If 

kg-m^ 

kg-m^  •' 
kg -nr 

p 

kg-m 

kg-m2 

2 

kg-m 


1 

K 

;  A  constant 

Mechanical  advantage 

Inductance 

4  ■  . 

.  jSna 

henry 

h 

iv  ... 

•  ..  T 

>•  Constant  axial  length 

mete  r 

m 

’V  ' 

if.  ■  ■■  '  • 

M 

dimension. 

Mass 

kilograms 

kg 

M 

a 

Mass  of  the  armatures  assoclat- 

kilograms 

kg 

ed  with  a  single  magnet. 

A  .  •• 

MMF 

Magnetomotive  force 

ampere -turn' 
turns 

a-- 

h" 

N 

No.  of  turns  of  a  coil  or  in 

t 

■it 

V’ 

,  general  a  coll  „ 

No.  of  teeth  on  the  circular 

spline  . 

Nr 


,  No,  of  teeth  on,;  the  fiexspline 


$  ■ 


-it  \\ 
;}  1/ 


■f  j}  • 

.ii 


U;i 


xiw 
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LTST  of  symbols 

Quantity  S 

No.  of  magnets 

Symbol  for  an  integer 

Power  .  ,  ' 

Average  power  dissipated  ’ 

1  ti  S  coil 
Diametral  pitch 

Power  rate  of  the  external  * 

load  '  . 

Output  power  of  the  actuator  * 

Power  rate  of  the  actuator  1 

Mean  I2R  power  loss  of  the 
actuator 

One  leg  of  a  magnet,  or  one 

"Tooth"  of  a  stator 

Heat 

Resistance 

Resistance  of  one  coil 
Reduction  ratio  (input/output) 
Rotating  Field  {Refers  to  all 
sinusoidal  rotating  field  types) 
Radius 

Stacking  factor 

Stepping  Field(refers  to  all 

stepping  field  types) 

Slip  (a  fraction  of  synchronous 
speed) 

Torque 

Average  output  torque  of 

the  actuator 

Time 

-  Temperature 

Utilization  factor 
Circumferential  spacing  be¬ 
tween  magnets  or  stator  teeth 
Volume  " 

Volume  of  a  magnet 
1  "  Energy  (or  work)  , 

Work  done'  per  cycle  by 
a  magnet 

Weight  (kilograms  and  pounds 
used) 

Constant  width  dimension 

Reactance 

Variable  distance 

Variable  distance 

Impedance . 

Variable  distance  .  .  A 

nr'  '•  :*»•  ■  •-  • 


Abbreyi  at  ion. 


watt 

watt 


kilowatt/®6®  kw/'sec 


watt 

kilowatt/sec, 

watt 


w  .  ■ 

fcw/  sec 
w 


watt 

ohm 

ohm 


meter 


newton-meter 

newton-meter 

second 
degrees  C 

«  .  -  .  •  •  '  * 

mo  tux* 


w 

SL  ; 
jHL 


me ter 5 
meter^5 
Joule 
Joule 


meter 

ohm^ 

meter 

meter 

ohm" 

meter 


Joule 

Joule 
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LIST  OF  SYMBOLS 
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\  wUii4iXfiUKU  } 

Symbol  Quantity  Unit  Abbreviation 


y1  Magnetic  Force  -  ampere-turn  •  a-t- 

(P  Permeance  weber/ampere-  w/a-t.  ' 

..  turn  „ 

Reluctance  ampere -turn/  - 

-  ’  weber  p  a^ft/w 

Magnetic  flux  density  weber/meter  ■  w/m~ 


^  An  operator  which  denotes  ' 

a  small  change  In  the  func¬ 
tion  following 

a  Harmonic  Drive  Power  angle 

Harmonic  Drive  torque  efficiency 
7,s  Shape  factor  representative  of 

the  distortion  from  the  Ideal 
harmonic  shape.  .  ‘  ■ 

&  Angular  position  of  a  moving 

element. 

Angle  between  voltage  and  current 
Angular  position  between  the 
major  axis  and  the  center  of  the 
kth  magnet 

<%i  Angular  position  of  the  output  ,? 

shaft  -  ■’ 

M  Permeability  weber/arjipere-  w/a-t-m 

Permeability  of  free  turn-meter  .//  ■ 

apace  =  *br  *  \0'7  w/a-t -m 

7T  Universal  constant  3-1^159 

P  Mass  density  kilograms/  kg/nr5 

•••  '  •  „  '  mefcer^  • 

Hi  The  summation  of  (an  operator) 

T  Time  constant  •  second  sec 

$  Magnetic  flux( lines  of  force)  weber  W 

Pressure  angle  degree  o 

4*  Reference  angular  position,  « ' 

phase  angle,  etc.' 

go  Angular  frequency  ~  £7rf  radian/second  rad/sec  l 


•J<1 


n 


Ml  ,■) 


LIST  OP  SYMBOLS 
""  { Continued  j . 


“ 

Gene r*al ly -Use d  Sub s c r ipt s 

a 

Refers  to  an  armature  element 

c 

Refers  to  a  single  coll 

i 

Input 

n 

Output 

k 

-  Refers  to  the  generalized  kth  Item  of 
a  quantity  of  similar  items 

L 

Refers  to  the  external  load  ',: 

M 

Refers  to  the  characteristics  of  the 
entire  actuator  by  itself  - 

m 

■f  Maximum 

min 

Minimum  -  "  ‘;t 

0, 

/  l>  •  *  ■' 

Refers  to  one  leg  of  a  magnet,  or  one 
tooth  of  a  stator 

VWW  V'  J.  V>,  W  vw  uv*. 

■'  .  vt  Refers  to  the  terminal  of  an  electric 

vu  ' 'V  •. .  "v,  circuit 

Miscellaneous 

k  ■  ,  j  '  -  .. 

Dots  placed  dver  or  primes  after  a 
*  function  indicate  the  time  derivative 

'  .  (nth  derivative  for  n  dots  or  prime 

i  ..  X  marks) . 

■  ... 

I  Numbering  of  Equations 

•  _  II 

Equations  presented  in  .the  -main  text  are 
;■  designated  by  a  two-part  number:  the  first 

’  „  part  represents  the  section,  the  second  part 

|  orders  the  equations  within  the  section. 

r?  !!  "  Equations  presented  in  the  appendices  are 

1  also  designated  by  a  two-part. number.  But 

5  •;  ;  ....  •»;  to  avoid  the  awkward  use  of  roman  numerals., 

’’  the  first  part  consists  of  an  A  followed  by 
*  the  arable,  number  corresponding  t,o  the  roman 

1  numeral  of  the  appendix  concerned.. 
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/.I  The  Problei 


High  performance  servomechanism  systemsh&Ve  benefited  by  rapid 
advances  in. elec tronic  components  to  the  point  where*  In  many 
Instances,  the'  output  actuator  limit®  ■  the  reliability,  duty- 
cycle,  and  welght-nsinimisjation  characteristics  that  can  twj-  a- 
ohleved  in  the  overall  control  system. 


The  Flight  Oonti’ol  Laboratory  has  recognized  that  the  power 
supply  compatibility,  reliability,  storage  and  life  capability 
■  of  electrical  servo  actuation  techniques  are  considerably  higher 
than  other  methods.*  However,  presently  available  electrical  ■■  r 
actuators,  in  the  size  required  to  meet  high  response  require¬ 
ment  a  .  are  hot  competitive  .to  hydraulic  devices  with  regard  to 
(1)  weight,  such  as  conventional  low-inertia  torque  motors,  (2) 
efficiency  and  duty  cycle,  such  as  some  Of  the  new  low-inertia 
DC  motor  concepts,  or  (3)  capability  to  withstand  steady  state 
loads  with  a  resonable  temperature  rise. 

Therefore,  a  need  exists  for  an  electrical  power  servo  actuator 
capable  of  fast  bi-directional  response  and  steady-state  holding 
torque,  with  minimum  weight  and  temperature  rise,  and  not  re¬ 
quiring  separate  clutching  or  braking1  mechanisms. 

Low  weight  is  obviously  a  fundamental  need.  Efficiency  is  im¬ 
portant  because  of  the  heavy  power  supplies  required  for  low 
efficiency  devices.  Low  duty  cycle  ratings,  due  to  necessary 
temperature  rise  restrictions,  either  , eliminate  or  lower  the 
reliability  of'  the  actuator  for  many  applications. 

M  .  v  ' 

1.2 _ Project  Objective  and  Approach 

The  purpose  of  this  project  was  to  investigate  the  feasibility 
,of'a  new  concept  for  achieving  the  required  high  response  with¬ 
out  unattractive,  weight,  efficiency,  duty  cycle,  or  temperature 
ripe  characteristics. 


This  new  concept  Involves  combining  the  principles  of  Harmonic 
Drive**  with  a  rotating  electromagnetic  field,  in  a  manner 
whereby  the  combination  produces  high  output  torques  without 
the  rotation  off  t-h$  electromagnetic  elements,  rotors,  bearings 
or  any  other  masses  at  speeds  corresponding  to  the  electrical 
frequency,  thereby  di’astically  reducing  the  device’s  Inertia. 

t  - 

*Exhibit  "A"  dated  18  May  1961,  Contract  No.AF33(657) -7731. 

■i  -'I’,'-’.  -  - 

**Harr(ionlc  Drive  is  the  subject  matter  of  U.S, patent  Wo, 2,906,143 
aha  other  U.S,  and  foreign  patents  and  patent  applications.  All 
proprietary. rights  of  United  Shoe  Machinery  Corporation  are  here 
by  reserved.  ,  '»/  ;  :.s  ’ 


Manuscript  released  by  the  authors  March  1963  for  publication  as 
an  ASD  Technical  Documentary  Report. 

‘  V  .  -  '■  i  "  -  ■■  >"  ■■■’: 


This  concept  ha®  been  called  Electromagnetic  Harmonic  Drive.* 

It  is  an  e:casiple  of  how  Harmonic  Drive,  by  mean®'  of  its  unique 
elastic  body  mechanic 3  principle,  permits  such  advantageous  corn* 
blnatlons  of  functions,  such  as  prim®  power  source  and  torque 
amplifier,  to.be  made. 

The  project  was  organized  with  the  purpose  in  mind  of  perform¬ 
ing  a  thorough  analysis  of  alternative  approaches,  so  that  a 
sound  technical  foundation  could  be  laid  for  future  work  in 
this  area.  In  addition,  experimental  models  were  to  be  designed, 
built,  and  tested  to  confirm  the  validity  of  the  analysis.  . A  ... 

?f urther  objective  was  that  the  designs  should  not  incorporate 
feature®  which  could  not,  by  routine  development  engineering, 

{Lead  to  devices  meeting  the  environmental  requirements  of  mili¬ 
tary  vehicles,  such  as  aircraft  and  missiles.  '  ui, '  ' 

Other  specific  objectives  of  the  research  model  actuator  were? 

-Bi-directional  operation 

-Variable  speed 

-25  lbs.  maximum  weight 

-Maxiimira  dimensional  envelope  of  a  10"  diameter  and 
16"  long.  I 

-Operable  from  400  1  5$  ops,  115/200  volts,  single 

or  three-phase  2,  1 

-1000  hours  life 

The  project  was  organized  into  phases: 

-Basic  Studies  and  Arm, lyssa  , 

-Design,  Fabrication  and  Test 
-Evaluation 

Those  phases,  in  turn  were  subdivided  into  a  number  of  specific 
tasks. 

This  report  generally  follows  that  organization,  and  the  succeed¬ 
ing  sections  present  objectives  and  significant  results.  Overall 
results  and  conclusions  for  the  project  are  presented  In  Section 
13,  and  recommendations  for  future  work  In  Section  14. 

Test  results  are  given  within  the  same  sections  as  the  analyses 
of  predicted  perf ormance ,  Sections  4  and  5  for  the  two  basic 
types  of  actuators.  This  was  done,  .first,  to  Integrate  theory 
and  experimental  results  and,  second,  because  it  was’ found  that 
some  major  characteristics,  such  as  power  rate  and  inertia,  could 
not  be  measured  directly  and  had  to  be  derived. 


^Abbreviated  to  EHD  in  this  report. 


sEoxjm,.a 


2,1  General 

She 'purpose:  of  this?  section  is  to  explain  that  power  rate,  or 
torque  squared  to  inertia,  is;  the  significant  parameter  de¬ 
termining  the  capability  of  a, serve  actuator  to  meet  a  fast  re¬ 
sponse  requirement.  Therefor*©,  if  one  is  to,  advance  the  state- 
of-the-art  in  servo  actuators ,  primary  effort'  should  be, given 
to  optimizing  the  power  rate.  This  parameter  Is  explained.  Ex- 
amples  of  how  if.  is  used  are  given  In  Section  <5, 

The  primary  method  by  which  large  advances  in  power  rate  can  be 
made  without  requiring  severe  pulse  currents,  is  to  lower  an  ac¬ 
tuator's  inertia.  , 

In  selecting  or  designing  actuators  for  servo  systems  it  is 
necessary  to  know  what  key  rating  or  ratings  of  the  actuators 
are  most  meaningful  in  determining  their  capability  to  drive 
the  load.  The  answer  to  this  question  depends,  first  of  all, 
upon  the  significance  of  the  load,  The  majority  of  applications, 
particularly  within  the  Air  Force,  are  power  servos,  and  the  load 
is  significant.  The  ether  category  is  instrument  type  servos 
where  the  load  is  insignificant.  In  this  latter  case  the  key 
rating  is  the  motor  time  constant,  • 

Assuming  an  actuator  with  inertia  which  can  be  operated  at 
peak  torque  T^j  during  the  accelerating  period,  as  ia  most  common, 
velocity  is  a  ramp  function  and  so 

(2-i) 

Tm  ■ 
where  ©m  is  the  peak  velooity.  "  '§}■' 

The  time  required  to  effect  step  changes  in  position .or  velocity, 
and  the  bandwidth  of  frequencies  that  c£>n  be  handled  with  accept¬ 
able  attenuation  and  phase  shift,  are  intimately ^related  to  7^  . 

Since  this  is  not  of  primary  interest  here,  it  will  not  be  dis¬ 
cussed;  other  than  to  point  out  the  EED  provides  greatly  reduced 
•n  values  and  hence  potential  for  improved  perfomancei  from  in¬ 
strument  servos.  J  •  f  ‘7 

Per  power  servos,  the  requirement  is  for  actuators  with  high  peak 
power  outputs  as  well  as  the  eapab?.lity  applying1' this ‘power  , to, i  »  ■. 
the  load  quickly.  Therefore,  the  concept  of  power  ).•]', the  time  f 1; 
rate  of  change  of  motor  output,  appears  logical  as  the  major  pqra-  vj 
meter  defining  the  usefulness  of  servo  actuators. !/  One  0  Its  |j  , 
advantages  is  that,  When  gearing  ie  required  between  fchbij actuator 
and  the  load,  the  actuator’s  power  rate,  reflect©/ i  to  thb  load  « 
through  the  gearing,  la  not  changed.  Other  parameters  thqfc  are  „ 
sometimes  used  , by  systems  designer,  such  as  actuator  torqie  to  ij',; 
inertia,  are  modified  by  the  transmission  gear  ratio.  Thu'  power  i: 
rate  and  peak  power  output  ratings  required  of  an  a'btmato^  iut-  in¬ 
terrelated  and  depend  upon  -the  ratio  of  two  p.m4  'ddnstifejN,  " 

one  characteristic  of  the  load,  ,,  and  the  other  of  ;jtha;  actuator, 


u  can  vary  widely  with'  the  nature  or  the  application,  and'  in 
general  is  related  to  the  required  bandwidth  and  damping  charge- 
t eristics  of  the  system.  *¥*-  nan  also  vary  widely  for  different 
types  of  aoty.ators  (such  as/  induction  motors,  torquero  and  hy¬ 
draulic  motors). 

The  basic  research  into  these  concepts,  'by- Dr.  0.  0.  Newton,  Jr., 
is -fundamental  to  the  discussion  and.  has  been  used  throughout. 

As  part  of  the  project  scope  he  has  analysed  electromagnetic 
Harmonic  Drive  arid  its  possible  applications,  using  these  tech¬ 
niques.  Pertain  parts  of  his  analyses  appear  as  Appendix  I. 

2.2  Power  Rate  and  Peak  Power  Output 

Motor  power  alone  Is  obviously  insufficient  to  characterise  a 
servo  motor  since  these  devices  must  accelerate  their  own  inertia 
in  addition  to  the  loads  that  are  coupled  to  them.  Thus,  con¬ 
ventional  electrical  servo  motors  are  required  to  produce  instan¬ 
taneous  power  outputs  which  may  be  20  times  or  more  the  total 
external  load  power  requirements. 


The  peak  motor  power  Pm  is  simply  the  peak  motor  velocity  times 
the  peak  motqr  torque  Tm,  The  peak  external  load  power  Pr  is 
given  by  the  product  of  the  peak  load  torque  times  the  peak 
velocity  .  ■ 


PL  «  9L  (JL&  +  TjJ 
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Shere  Jj,  is  the  load  inertia,  T^  the  load  frictional  torque  and 
L  ithe  peak  load  acceleration.!  The  relationship  of  Pm/Pz,  is  de¬ 
veloped  from  the  torque  and  the  velocity  conditions  that  have  to 
be  satisfied  in  order  that  a  realizable  actuator  speed  with  or 
without  gearing  can  be  found  for  matching  the  inotor  to  the  load. 


Newton  shows  how;  the  peak  motor  Pm  Is  related  to  the  peak  load,.  ■■ 
power  ?i  and  the  two  time  constants  characteristic  of  the  motor 
(Tfa)  and  the  load  (T^  ).*  These  time  constants  are  simply  the 
ratios  of  peak  velocity  to  peak  acceleration^,  The  m<?/tor  time  s 
constant,, is  given  by,  Equation  2-1.  The  load' time  constant  is  de¬ 
fined  as  i  1  ji  i/;;'  j  ,• 

'  ,/  •  i  ':*  M  “  .  r  ,  " 
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♦ReferenoU  .7,  Tlire  references  "are1  lifted  following  jieqtion  l4,  f 
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to  the  peak  power  by  the  'following' ratios: 


j  1 , 

(Case  1) 

'n 

**  2 

>  1 

(Case  2) 

fL 

"“g"" 
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These  relationships  have  fundamentals Ignificanoe  to  this  report, 
but  their  meaning  requires  some  explanation.  First,  it  must-be 
understood  that  each  and  every  servo  actuator  is  characterized 
by  a  particular  motor  time  constant  which  is  representative 
of  the  time  required  to  reach  rated  speed.  This  actuator  may  be 
applied  in  a  variety  of  applications,  which  are  characterized  by 
the  load  time  constant  "if  .  Low  0£-  results  from,  high  aooelera- 
tion  requirements  relative  to  peak  speeds,  and  high  if  the  con¬ 
verse.  The  dimensionless  ratio  of  ''yfo  to  'Jf  Is  then  computed. 
Whenever  this  ratio  is  more  than  l/2,  which  moist  of  ten  occurs  with 
conventional  electrical  servo  actuators,  the  required  motor  out¬ 
put  power,  compared  to  the  external  load  power,  must  be  at  least 
four  times  the  time  constant  ratio.  For  example,  if  ‘ipt ■*  .010  see, 
4>l  -  20  rpm  -  2.1  rad/sec.,  and  ©L  -  509  rad/sec®,  then  %  =,.0042 
sec.,  'tyy*  ®  2.4  and  Fm/P£  >  4(2.4)  "  9.6;  and.  this  actuator  would 
have  to  be  oapable  of  producing  9,6  times  the  particular  peak  ex¬ 
ternal  load  requirement  considered  above.  All  combinations  of 
actuators  and  applications  which  h&ve  a  ratio  which  is  »  1/2 

are  required  to  produce  relatively  large  amounts  of  "excessive" 
power,  over  and  above  the  external  load,  according  to  Equation  2-5. 
If  the  time  constant  ratio  is  less  than  1/2,  Newton  has  shown  that 
the  peak  motor  output  power  need  not  be  much  greater  than  the  ex¬ 
ternal  load  power  requirement,  a,  co  or  ding  to  Equation  2-4.  In  other 
words,  the  torque  required  to  accelerate  'the  actuator's  own  inertia, 
is  relatively  insignificant.  Obviously  thin  situation  would  re¬ 
sult  from  either  a  relatively  low  load  acceleration  requirement  or 
a  low  actuator  inertia.  Since  load  acceleration  is  normally  not 
alterable,  the  only  alternative  is;  to  select  an  actuator  with 
lower  Inertia,  All  combinations  of  actuators  and  loads  resulting 
in  Cl/2  need  produce  but  little  "excessive"  power,  'according./ 

to  Equation  2-4  The  words  "Case  1  and  Case  2"  are  used  for  con¬ 
venience  in  ensuing  discussions  to  designate  the  two  possible  ; 
situations  which  hav.e  been  explained  abovf . '  It  is  evident  that  ' 
the  same  value  of  Pm/Fl  results  from  botl/  equations  when^/^®  1/51/ 
so  that  the  separation  into  two, cases  introduces  no  discontinuity. 

.  ■■  ..  ""  '  ;  a -  - 

With  Case  1,  Equation  2-4  shjoyra ,  that  Py/Pj,  has  a.  maximum  value  of 
2  and  .approaches  unity  as  ‘h/Tl  approaches  zero.  This.  represents 
the  area  i;of  "power -matohihg''  the  actuator  to  the  load, ’/and  so  the 
actuator's  power  .output  Pyj  is  very,  important,  -in  relation  -to  .weight 
and  I^R  loss.  It.- is/Yary  desirable  to  .be  able  to  use  , the  actuator, 
in  this’  region,-  because  the  lowerthapeakpowa'p  requirement In  t 
, gehe .rat r  the -lower  is  : the  weight  and. 2 loss, 


Also  the  actuator  can  operate  at  very  high*,  if  not  full,  duty 
cycle  antf  he  more  versatile  in  providing  a  variety  of  responses , 
To  operate  in  this  region  the  requirement  Is  fo's*  low  *Yfi  t  or 
high -1/fv’  .  But  this  oan  be  expressed  a a 

;  •,'*  -:v-  .  ^  .  J5»  x  m  i,  -J»*.  »  ®  ■  rjs-  6v 

Tm  jm6m  Tm  •  ^m©m  pm  K  ) 

The  grouping  Tm/%  la,  by  definition,  the  power  rate  of  the  ac¬ 
tuator,  i.e.s 
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jet  has  the  dimensions  of  pdwer/fcime  and  is  usually  expressed  in 
units  of  kllowatts/aec ,  because  watts/ sec.  requires  awkward  4  to 
7  place  figures.  Since  both  high  %  and  high  l/rfa  ar®  desired, 
th©  requirement  is  foiy  the  product  of  these  two  factors,  giving 


«|,t, 

Pm  % 
■  i?M 
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This  is  then  the  key  rating  for  Case  1. 


With  Case  2,  Equation  2-5  shows  that  Pm/?l  varies  from  2  upwards, 
being  directly  proportional  to  the  time  constant  ratio.  So, 
again,  low  %  is  important  and  the  same  result  as  with  Case  1  is 
obtained:  the  actuator's  power  rate  is  the  key  rating. 


The  cases  that  apply  for  particular  applications  are  best 
summarized  by  a  oharfc  such  as  Table  I. 


•  ✓v’  n* 

For  Case  1,  by  substituting  the  definitions  of  t  and  «  into  the 
expression  for  Pm,  and  separating  actuator  and  load  factors,  there 
is  obtained 


PM  £  4 ( J; L^L  +  Tl)*®L  <2-9) 


Motor  Time  ;? 

Constant  <n 

Load  Time  Constant  7t  and  Typ 

e  of  Application 

LARuE  1L 

'..t  MEDIUM  7L 

■  “  ^mxrir 

"ToiTTerfb'iHB- 
ance  Servos 

High  Perform¬ 
ance  3ervos 

Extreme  Per¬ 
formance  Servos 

Large  (Conven- 
tional  Servo'' 
Actuators  '» 

Power?' Mat  oh  ■ 
Case  1  '• 

Power  Rate 
Match 

Case  2  " 

Power  Rate 

Match 

Case  2;- 

Small  (Low 

Inertia  Servo 
Actuators) 

Power 'Match 
Cd.se  1 

.  1 

Power  Match 
Case  X 

..  . 

Power  Rate 

Matoh 

Case  2 

TABLE  I  -  IDENTIFICATION  OF  COMBINATIONS  OF  LOAD  AND  MOTOR  TIME 


CONSTANTS  V 


which  specifies  the  required  power  rate  of  the  actuator  to  drive 
a  given  load.  :  ; 

In  choosing  ox-  designing  for  a  particular  applleati an.  the  follow- 
’i.lng  .rules  then  apply  to  the  specification  of  the  actuator. 

For  ".extreme"  performance'  ''servo  type  applications*  which  is  pspr'e— 
■;  sentative-  of  aotee  advanced  aeronautical,  mipslloi  and  space  tech~- 
;  nniocry  uses  where  extremely  large  bandwidth  and  'accelerations.,  are 
set, “Cass  &  applies  to  all  actuators  and  orie  Js  chosen  on  the  'basis 
of  its  ratio  of  power  rate  to  weight,  cost,  Ji-R  {electrical)  loss, 
or  whatever  is  important.  Of  course,  thex»e  are  other  considera¬ 
tions  that  must  be  fulfilled,  The  velocity  rating  of  the  actuator 
must  equal  or  exceed  the  load  requirement,  using  gearing  if 
necessary.  The  accuracy,  resolution,  repeatability,  environmental 
characteristics,  life  and  reliability  requirements  must  also  be 
met.  "'  ■ 


For  "low"  performance  seryb  type  applications.  Case  1  applies  to 
all  actuators  and  one  is  chosen  on  the  basis  of  its  ratio  of  power- 
output  to  the  other  Itnporfanb  characteristics.  In  general  EHB 
would  not  be  used  for  these  applications  unless  it  were  advantageous 
for  some  of  its  characteristics  other  than  fast  response,  such  as 
digital  characteristics  (also  see  Conclusjlons-Section  13)v 


For  "high" .performance: servo  type  applications,  which  are  most 
common.  Case  2  applies  to  conventional'  actuators,  resulting  in  a 
calculation  of  Pm/Pl  which  will  generally  be  of  the  order  of  4 
to  20  or  more.  Case  1  applies  to  low  inertia  actuators  such  as 
EJID,  and  hb/?L>  which  lies  between  1  and  2:,  is  thereby  calculated. 
Then  tho  required  peak  powers  are  compared,  as  was  done  with  low 
performance  servo  type  applications. ” ;  Of  course  the  boundaries  'j 
drawn  hero  between  levels  of  performapejV  d're  artificial  and  there  ;j: 
is  no  dljaq^ntlnuity  at  these  points .  are  uqpd  for  ’ponveniencfU 

only. ,  Xy  '4* 
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SECTION  3 

LOW  inertia  harmonic  drive  concepts 


3,1  General  ...  V’  _ 

Conventional  Harmonic  Drive  has  been  used  'with  various  prime 
movers  to  provide  '-torque  multiplication  and  speed 'reduction.  For 
servo  applications ,  the  Inertia  contributed  by  the  Harmonic  Drive 
mechanism  in  relation  to  the  torque  when  properly  designed  and 
applied,  can  be  made  negligible  compared  to  many  types,  of  elec¬ 
tric  motors.,  But  the  inertia  of  the  motor  armature  still  remains 
as  the  factor  limiting  speed  of  response.  At  the  time  that  the 
original  Harmonic  Drive  concepts  were  first  tried  put,  it  was 
recognized  that  Harmonic  Drive  provided  opportunities  for  de¬ 
vising  unique  actuator  concepts  in  which  the  conventional  prime 
mover  stage  could  be  eliminated.  One  advantage  of  this  is  that 
the  inertia  of  the  complete  actuator  eati  be  made  substantially 
lower,  thereby  greatly  increasing  its  power  rate.  One  of  the 
ways  by  which- this  can  be  done,  and  still  retain  the  advantageous 
characteristics  of  an  electric  system,  is  to  use  electromagnetic 
wave  generation.  -  .• 

The  purpose  of  this  section  is  to  explain  how  a  Harmonic  Drive 
actuator  produces  torque  from  short  stroke  radial  forces,  to 
explore  and  define  the  desired  distribution  of  forces  within  the 
actuator,  to  consider  the  necessary  limitations  ih  torque  in  re¬ 
lation  to  shape  distortion  of  flexible  elements,  to  survey  the 
available  electromagnetic  or  electrical  methods  of  producing 
such  forces,  to  highlight  the  new  flexible  armature  concepts  re¬ 
quired  for  practical  devices,  and  to  derive  mathematical  expres¬ 
sions  for  torque  and  inertia.  The  expressions  are  used  in  , 
succeeding  sections  for  making  fundamental  analyses  4f  the  two 
ba;sic  types  of  electromagnetic  Harmonic  Drive  considered  most 
feasible.  A,  discussion  of  other  characteristics,  common  to  both 
tyipes,  but  which  are  of  lesser  significance  than  torque  and 
inertia,  are  presented  in  a  latter  section.  f. 


nation . of  Short  Radial  Forces  and  Harmonic  Drive;! 


,Xn.  its  usual  form,  Harmonic;  Di.fi ve  consists  a  flexible  ':i  I 
cylindrical  elpmejht  containing  fine,  pitch  saline  teeth  which  is 
defied, fed  into';  an  elliptoidal  shape.;. lap  that-  . at  the:  ends  o(|  the 
ma^jor  «3eis|a  hUmblfer  df?!suph  :te<yth  awp  ..in  ma»h  wifjh.ctibeth  the 
Shflie  pltphiion  |;h:  rigid)  dircular1:  splice .. element;  flihotf- they  afie 
the  sajrfj^!p|fcctt|, '  the  nupber  c|f/,f'veethi<m  the  ktlemepts  ifustiibe  -II  « 
differpiht  by  two  , or  30!he:1  multiple  hereof.  ijjV Now.  f.f  the' fqrcjps!  j' 
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where  the  N's  are  the  -number  of  teeth  on  the  elements.  The  nega¬ 
tive  sign  indicates  a  reversal  of  direction.  Thus  fcheli  reduction 
ratio  (defined  a, a  input  over  output)  is 
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xf  the  flexspline  is  constrained  it.  osa  rotating  .there'  is  no  re¬ 
versal  and  :j  '  i< 
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Since  the  number  of  teeth  are  proportional  -to  the  pitch  diameter 
of  the  two  elements,  one  can  also  write 
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for  the  two  cases,  ’]  -  ,v 

Ad,  the  difference  in  diameters,  iii  defined  as 


•  so  that 
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It  should  be  pointed  out  that  tY\p 'teeth  ^re  not  necessary  to 
obtain  a  motion  reduction.  _  Without  teeth,  so  long  as  there  is  a 
suitable  difference  "in  diameters,  frictional  anchoring  occurs  to  ] 
couple  the  tangential  velocity  of  the,  flexible  member  to  the 
rigi | -.member  at  contact!  However,  the  torque  rating  must  be 
much] lower  due  to  slipping,  and  the  accuracy  resulting  from  the 
positive  rfctlo  of  spline-anchored  uhits  is  -  lost. 


Based  upon  the  above  ratio,  formulas,  with  a 'fixed  circular  spline 
(employed  in  all  of  the  EHD  models)  if  the  4|*tput  Is  to  be  clock¬ 
wise,  the  input  forces  that/  deflect  the  must  rotate  counter¬ 
clockwise.  It  is  seen  that,  as  they  do,"'  the/  radius  of  the  flei-  ... 
spline  becomes  “progressively  shorter,  chan'gljhg  from  /'  „  «. 


i;  ;l  '  ‘ 

“■  J  ■ 


I- 


f:  ‘V. 


Ek'Ui  A. 


9 


(3-8), 


i:  -  ii-  - 


:Ii  1 


I- 


at  the  tna  j or  axis.,  the  center  of  tooth  contact,  to 

r  -  ■  -  JL  '(3-9) 

2  2 

at  the  smallest  radius. 

If  the  shape  is  essentially  a  true  elliptold,  the  minimum  radius 
occurs  at  the  minor  axis,  90°  away  from  the  major  axis,  and  the 
position  at  any  angle  is.  given  by 

<>  r  -  .A.  cos  2©^  (3-10) 

where  6$,  is  the  angle  between  the  major  axis  and  the  point  con-* 
sidered. 

a  ' 

If  there  Is  no  external  torque  load,  and  for  the  moment  neglect¬ 
ing  any  no-load  frictional  loss,  the  angle  between  the  deflecting 
force  and  the  major  axis,  referred  to  as  £ ,  remains  essentially 
zero.  The  deflecting  force  pushes  against  the  flexspline  at  a 
point  where  its  radial  velocity  is  zero,  given  by  the  derivative 
of  equation  3-8  where  @1  -  J"  -  0.  Thus,  input  power 


=  2Fr  (3-11) 

is  zero  (no-load  frictional  losses  still  neglected)  since  r  is 
zero.  The  factor  of  two  exists  because  two  forces  of  P  each  are 
required,  pushing  in  opposite  directions.  Now  in  order  to  pro¬ 
duce  output  power.  It  is  obviously  necessary  to  feed  in  the  same 
amount  of  work  plus  the  losses.  This  is  accomplished  by  having 
the  angle  increase  from  zero.  Thereupon,  it  is  seen  that  the 
radial  deflecting  force  now  pushes  against  the  flexspline  at  a 
point  where  its  radial  velocity  is  finite,  i.e.. 


•r  =  d  Bin  29©J, 


from  the  derivative  of  equation  3-10  where  6 


-  '  •??,  • 

_  ,  ;!  P£  »-2Fd  sin  2©[  % 

.*1 

(3-13) 

Now,  fob  any  ^device 

.  ,  •  ii  Po  -  Pi%  i  - ..  ...  "  ■;  . 

(3-14) 
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Output,  power  can  bo 'expressed  as 

:  *’o  -  T0©o  •  (3-15) 

but  output  sEjeed  ©p  Is  related  to  input  speed  by  the  ratio 

K  \/Rr  ■  •  ;  .  (3-16) 


so  that 


To  =  2Pd  Rg 7?T  sin  26*t  =  2PDpT)  T  sin  2 91 
~  F'j}  Dp h’Jfji 


where 
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ft  -  2F  sin  2©t 


The  condition  that  theoretically  produces  maximum  torque  is,  of 
course  .»■-.* .  -a  "  .r 

.,1  '  ,  i 

'  •  ,  «t  «.*5°  (3-18) 

It  is  now  shown  that  this  represents  an  ideal  ease  that  Is  not 
likely  td  be  obtained  for  reliable  operation.  There  are  other 
requirements  to  be  met,  maintaining  the  teeth  in  engagement  and 
preventing  severe  shape  distortions  that  might  cause  early  life 
failure  due  to  abnormal  stresses.  Hence,  an  analysis  is  made  of 
the  optimum  force  distribution  that  gives  the  maximdto  torque  as 
wel3  as  good  tooth  mesh  and  shape  control,  K 

3.3  Force  Distribution  and  Power  Angle  ».  ■- ~ ••  i;1' '•  :  vt  r 

The  angle  ©i,  is  now  specifically  defined  as  the  - poweii  angle,  <f. 
This  angle. is  a  major  parameter  fo;r,|?HX>.  From  equation'  3-17  itr 
is  also  seen  that  torque  output  is:  positive  for.  any  p  positioned (1 
within  the  range  of  0  <e/’<  90°.  *  y’*f  •;  j!  j:  .  h 
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result.  A  practical  embodiment  of  this  wouitd  bf  4  filler  iiypei' 
wave  generator,  vi hr  ''  If  |  }  \ 
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Of  course,  if  the  force  is  the  type  that  has  a  elx'cuxeferential 
distribution,  then  ideally  it  ahould  be  centered  ate/”™  45°,. 

But  another  basic  requirement  for  Harmonic  Drive  is  that  the 
flexible  member  should  be  maintained  in  .contact  or  mesh  with  the 
circular  member.  Whether  or  not  this  contact  need  be  complete 
at  all  times  of  operation  as  well  as  standby,  depends  on  the 
nature  of  the  application.  If  accuracy  is  not  essential  and 
life  requirements  hot  high,  then  soma  momentary  loss  of.  contact 
might  be  tolerable  and  */*»  and  hence  T/F,  can  be  greater  thart  if 
positive  contact  must  be  maintained  at  all  times  with  a  degree 
cf  assurance.  The  discussion  of  tooth  engagement  will  first  be 
conducted  using  the  assumption  of  a  true  harmonic  shape,  because 
the  mathematics  are  much  more  straight  forward.  ,  Then  consider¬ 
ation  will  be  given  to  the  question  of  shape  distortion,  a  much 
greater  possibility  when  the  full -supporting  cam  form  of  wave 
generator  is  eliminated.  An  analysis  of  all  the  radial  forces 
acting  on  the  flexspline  was  made  to  determine  '-the  conditions 
that  must  be  met...  A  flexspline  in  Harmonic  Drive  with  an 
external  circular  spline  and  with  a  true  harmonic  shape,  is  acted 
upon  by  the  following  forces:  (See  Figure  2 ):J 

1.  Spring-back  deflection  force  due  to  Its  deflection, 

FD. .  ” *  -  / 

2.  Tooth  separating  force,  F$. 

■  4 

3.  Inertia  force  due  to  acceleration  of  the  mass 
which  experiences  harmonic  motion,  Fj. 

Tangential  forces  due  to  the  external  torque 
load,  which  vary  gradually  around  the  mouth  from 
"compression"  to  a  maximum  tension  because  of  the 
torque  "taken  off"  by  the  teeth.  These  fbrees 
induce  radial  forces,  Fjp  due  to  the  curvature  of 
the  flexspline,  radially  inward’  when  there  is  -  * 

tension  in  the  bed  and  radially  outward  where  there 
is  "compression".  (T¥|e  compression  forces  are 
counterbalanced,  by  otHer  forces  and  strains,  such 
that  no  part  of  the  flexspline  is  actually  con¬ 
sidered  in  compression.  There  is "only  the 
.; tendency  toward  compression).  A 
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If, iicarj  easi;ly  fee  Shown  that  \feentrif|iga^  force  is 
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~  Tooth  pressure  angl «  J 

T  =  Torque  MAJOR  AXIS 

»  ■  • 

Fj  =  Tooth  normal  force  „ 


Fj  =  Inortiol  force  ti 

Fq  -  Centrifugal  force  - 

Fd  ss  Spring  force  1 

F  =  Input  magnetic  driving  forcdj 

]|  ..  .  .  - 

ir,'-  ,  '  .  ..."  ' 

Ff  and  T  can  be  represented  by  ,  .  (j 

-J;.  •  .  .  ;  &  ■'  •  ij  '■  '  "  ' 

=  Tooth  separating  force,  acting  eollineor  jjnd  the  (jorns  direction  os  Fq 

Fj_  =  Radial  reaction Torces  induced  by  the  load,  iicting  rddioiiy  outward  with 
diminishing  magnitude  to  the  left  of  the  major  axis,  and  radially  inward 
with  diminishing  magnitude  to  the  right  of  the  major  axis  ^ 


FIGURE  2."  FORCES  ON  THE  FLSXSPLINE 
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forces  for  example,  or  it  way  act  Inward  as  well  as  outward.*  If 
th©  forpe  aouroe  is  capable  ©f  reversing  its  force.  Xn  this 
case,  q  must  be  greater  than  90°  when  F  la  acting  inward  accord¬ 
ing  to  equation...  ,3-”17.  But  by  this  equation,  still  ignoring  shape 
distortion- at  this  time,  the  Inward,  forces  beyond  90°  have  the 
•wjtaae  effect  as  equal,  outward  forces  "posltiohed  90°  away,.:.  .Hence 
consider  for  the  present  only  those  ..forces  acting  over  an  angle 
■of ”45°  'oil"  either  side  of 'the  major  axis.  ■ 

«*<**•■«  V>»  A  »l  >PV  ■)  T  -9  v»  **  f«>4  1-H*  MA,  wt 
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value  at  the  major  axis.  . 

Force  Fn  acts  radially  Inward,  but  only  over  the  tooth  contact 
area.  "  '  "•  ■  ' 


Force  Fj  acts  radially  outward,  ranging  sinusoidally:  with  maxi - 
mum  value  at  the  major  axis  (for  pure  harmonic  motion,  the  Fj 
vector  is  opposite  to  the  acceleration  vector,  which  is  opposite 
to  the  displacement  vector  due  to  186°'  phase  shift)  i\ 

Force  F  acts  radially  outward  at  and  in  advance  of  the  axis.. 

Fl  acts  radially  inward  in  advance  of  the  axis,  and  .  radially  .. 
outward  behind  the  axis,  hence  passes  through  zero  at  the  center 
of  the  tooth  Contact  area,  which  is  the  major  axis.  This  effect 
accounts  for  the  bulge  behind  the  axis  and  the  hugging  against 
the  bearing  ( when  used)  in  advance. 


The  forces  must  always  be  in  equilibrium  for  all  conditions.  Ex¬ 
pression  of  F-£  as  an  inertial  force  permits  the  equations  of 
static  equilibrium  to  be, applied.  When  the  device  is  stopped  and 
not  accelerating  rotatlonally.  Fj  «*  0.  When  the  device  is  ac¬ 
celerating  rotationally  or  at  a  steady  speed,  Fj  exists. 

The  question-  arises  as  to  how  and  where  there  are  produced,  the 
required  accelerating  forces  which  are,  of  course,  equal  and 
opposite  to  the  inertia  force,  Fj.  Reference  should  be  made  to 
the  graph  of  the  forces.  (Figure  2)  It  la  theorised  that,  to  a 
first  approximation,  the  flexspline  can  withstand  internal  shear 
and  bending  forces  to  the  degree  necessary  for  equilibrium  as 
shown,  while  still  retaining  a  shape  adequate  for  Harmonic  Drive 
action.  This  means  that  F  la  applied  essentially  to  satisfy  most 
of  the  radially  inward  Fl  requirement,  which  represents  useful 
work  in  the  geher-al  ra'hge  of  22 -1/2© .  Giver  the  other  pacta  of 
the.  f  lexsplino  an  equilibrium  of  Fm,  •  Fj/  FD  and  lithe  unsatisfied 
part  of  Fj,  Is  assumed  obtained  without  any  additional  magnetic 
force  requirement.  The  reasoning  is  intended  to  provide  further  , 
insight  into  the-  mCanfng  of  the  basic  torque  formula  equation. 


-  ...  .v  -  ■  i 

So  far  as  maintaining  engagement  at  the -teeth  IS  concerned,  the 
components  of  Fj,  cancel,  and  if  the  F£>,  Fj  and  Fj$  forces  are  i| 
represented|;by  resultant  point  forces  at  them j or  axis,  the  value 
of  the  required  appliedfforceuF  dt- the  same  location  is 

(1  -  !  >‘jUr  -  ..-.I.  *  *•'  ’  ■  '  ^  . .  -  /)■ 


F  — ;  Ffy  *f  Fjj:  —  Fj. 
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The  result  vis  that,  ideally,  two  locations  of  force  application 
are  west  useful,  at  0°  and  45°.  Because  of  the  flexibility  of 
the  flexapline,  if  such  forces  were,  applied,  the  shape  would /tend ; 
'to  distort  -.with  high  curvature  ' near  the  four  points  of  force 
application.  Thus,  this  scheme  is  not  •  desirable;;  ?' If  .  the  irphl 
were  to  be  only  •  one'  force- per  ' side'  .of  ,tbe-:  such  as  a 

’  roller  type  of  ■  wave  yen^-" ter  «n*cn  is  capable-  of.-  continuous 
rotat.f'^*!,.  it«  power-  angle  would  ..he  equal  to  .  that  required  to  . 
simultaneously  fulfill  the  .torque  and  tooth  engagement /require¬ 
ments.  Thus,  it?  Is  now  necessary  to  .determine  how.  forces.,  posil..  ■  • 
tioned  at  other  than  the  major  axis  contribute,  to  the; net  radial 
force  at  the  major  axis,  Consider  a  true  elliptoidal  shape  super- 
imposed'  -  over  the  shape  when  the  element  is  not  deflected,  .  ::1-  ■ 
"(Figure  3).  I  .; -i.// 


Figure. 3.-  Elliptoidal  Shape  .  - 

Consider  an  equally  distributed  force  from  0°  to  90°.  The 
forces  from  0®  to  45°  tend  to  increase  the  elliptoidal  shape, 
fchfeir  effectiveness  decreasing  as  their  position  moves  from  0° 
towards  43°  j  the  forces  from  450.  to  909  tend  to  decrease  the 
elliptoidal  shape  with  their  effectiveness  increasing  as  90°  is 
approached,  and  those  at  45°  have  no  net  effect.  This  behavior 
is  represented  by  the  expression 


Fr  =  F  COS  29 


if.  ( 3—520} 


Thus,  Fr  is  positive  for  any  F  positioned  Within  the  range  of 
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It  is  been  that  the  mutualli tafigment  in  which  b9,t‘ii  T  and  Fr 
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th’Mffe  is  a  negative  F^  produced,  and  there  must  be  sufficient 


-  ci  <+--,45° 
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to  counterbalance  tills ,  The:,  maximum  load  that  could  be  applied 
would  be  given  toy  the  Intersection  of : two  curves,  and 
%  -t  ®Sp  -  Fj,  as  shown  in  Figure.  4.  •;  ;  'V.  •. 
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Figure  4  -  Determination  'of  Maximum  Force  , 

Now  in  general,  the  magnitude  of  Fp  and  Fj  is  very  low  in  re¬ 
lation  to  Fm  for  the  usual  actuator  size  and  load  conditions. 

Fl)  (calculated  in  Appendix  III)  normally  will  be  3  to  10  lbs., 
and  Ft  (Appendix  IV)  slightly  less.  Fp  does  become  important 
for  pitch,  diameters  below  2  inches  but  these  are  not  normally 
encountered.  If  a  more  exact  analysis  Involving  Fp  is  desired, 
it  can  be  taken  as  the  following 


Fd/F  -  0.1,  1  5/8"  4  Dp  4  2” 

Fp/p  -  0.25,  Dp>2"".-  :V 


(3-25) 
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f  Similar  expressions  could  be  written  for  Fj,  but:"  since  it  varies 
/with  speed,  it  is  doubted  that  there  is  much  value  except  for 
constant  speed  devices.  Considering  the  counteracting  direction 
and  low  magnitude  of  Fp  and  Fx>  the  maximum  power  angle  can  be 
taken,  with  sufficient  accuracy,  as  the  intersection  of  the- Fp 
and  Fp  curves,  giving  ■■  v  „  „• 
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The  torque  at  this  limiting  power  angle  would  be 


...  .  .  t  a.  2Dp)7<j#  sin afetan  -(3-28) 

•  "  i'  ' 

This  is  the  theoretical  maximum  .torque  for  a  point  force  of  value 
P,  This  indicates  "that  fc}ie  lowest ’practical  pressure  angle 
should,  -be- used,.  It  has  been  found  from  many  years  of  research  v.';i 
with  Harmonic  Drive  that  the  possibility,  of  tooth  Interference  .  , 
Increases' as.  4l.1s  reduced,  and  the  nearest  standard  angle  to  the 

. .lower  practical  limit  is  20°,.  the  standard  -selection  being  30°r 

-For  .20°,  interference  is  prevented  by  reducing  the  addenda,  of 
the  teeth.  However,  in  the  case  where  no  cam  type  wave  generator. 
Is  employed,  more  accelerated  wear  due  to  overdeflection  can 
raise  slight  burrs  on  the  tooth  tips  and,  together  with  shape 
distortions,  the  condition  can  be  reached  where  the  teeth  will 
not  go  into  proper  mesh.  This  oecured  with  model  EKD-2  which 
had  to  have  the  teeth  recut  from  20°  to  30°  before  proper  meshing 
could  occur.  For  manufacturing  reasons,  it  is  desirable'  to  de¬ 
sign  for  the  standard  pressure  angles,  l4“l/2°,  20°, land  30°. 

The  difference  in  the  values  of  the  tangents  between  these 
angles  is  less  significant  for  the  smaller  angles.  Model  SHD-3 
perforins 'well  with  20°  teeth,  and  although  model  EHD-2  was 
changed  from  20°  to  30®,.  it  is  believed  that  with  careful 
tooth  design  20°  would  work.  .  . 

With  magnetic  deflection  the  flexspllne  is  deflected, until  it  is 
stopped  by  some  rigid  surface.  This  may  conveniently  be  a  "stop 
ring"  such  as  employed  In  model,  EHD-3,  a  field  stator  as  with 
model  EHD-2,  or  the  teeth  may  wedge  together.  The  theoretical 
pitch  lines  of  both  gears  become  tangent  at  the  point  of  contact 
and  load' transmittal.  The  unique  Harmonic  Drive  advantage  of 
virtually  no  tooth  sliding  results  and  the  usual  gear  problems  of 
lubrication,  heat  and  tooth  wear  are  greatly  reduced.  Under  load, 
this  ideal  condition  can  be  approached,  how,  if  the  stopping 
element  is  designed  so  that  the  deflection  Is  slightly  greater 
than  tangency,  the  teeth  slide  slightly  while  disengaging,  i.e., 
on  the  way  o.ut  of  engagement.  The  friction  forces,  of  course, 
act  along  thb  Interface  away  .from  the  fl@xspll.ne,  resulting  in  a  : 
decrease  in  Fjj  andean  increase  in  Fy,  defined  above;  the  values 
being  in  accordance  with  the  pressure  angle  and  the  coefficient 
of  friction.'  ■■■■• 


As  .derived .  in  Figure  5,  the  reduced  value  of  Fm-  is  given  as 


:  °-S9> 


Obviously,  if  the  general  theory  of  friction  force  is  valid,  it  ;; 
is  easily  shown  that1  if  there  is  pitch  line  underlap,  the  teeth- 
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FIOurfE  5  EFFECT  OF  TOOTH  SLIDING  DURING  DISENGAGEMENT 
;■  ■  -  DUE  TO  PITCH  I, INK  OVERLAP 


( 


slide  while  engaging  sand,  the  friction  force  sector  is  reversed 
and  result's,  in' 

,  V,  ■  gW-  «  -  4.a  +  ££)  .(3-30). 

.  '.  '"  ■„  ; ...  1  ~  fj.  tan  H  a  .  .  . 


TL^j  above  aiiialysis  shows  Low  5oth  pitch  line  overlap  and.  ?<. 
smaller  pres sure  angle  decrease ’the  radial  component , of  the  tooth  • 
reaction  force.  This  is  very  important  with  a  ball  bearing  wave ", 
generator  as  the  life  of  the  bearing,,  which  presently  limits  the  ■ 
life  of  the  device,  varies  inversely  as  the  third  power  of  this 
load.  It  is  also  important  for  electromagnetic  deflection  as 
this  force,  F«,  must  be  provided  by  the  electromagnetic  action  or 
some. 'other  means'.  ■  'V 

Therein,  of  course, 'a  limit  to  Increasing  .pitch  line  .overlap  and. 
reducing  the  pressure  angle,  This  limit  is  tooth  wear,  which 
increases  with  both  of  these  effects  because  the  greater  the  over¬ 
lap,  the  longer  the  teeth  are  in  contact)  and  the  greater  the. 
angle)  the  longer'  is  the  face  of  the  tooth  over  which  the  slid¬ 
ing  occurs. 

The  theoretical  values  of  Ffj/Frn  f«r'  three  different  pressure 
angles  and  a  typl caj^ooefflclent  of  friction  of  0.15  (References 
5  and  9)  are  summarized  in  Table  II. 


$a 

Overlap 

Underlap 

Line  to  Line 

30° 

0.393 

0.795 

0.577 

i\> 

0 

0 

0.202 

0.542 

0,363 

14£° 

0.104  - 

0. 425 

0.258 

TABLE  II 5  -  THEORETICAL  VALUES  OP  Pn/Pt 


During  the  course  of  this  project,  a  USM  research  study  of  this 
tooth  sliding  effect;  was  completed  with  inconclusive  results  due 
to  difficulties  with  devising  valid  measuring  techniques.  How¬ 
ever,  evidence  being  compiled  through  life  tests  of  various 
types  of  wavf  generators  (ball  bearings,  fluids,  etc.)  indicates 
the  tooth  separating  Ibads  are  less  than  the  line  to  line  formula 
would  predict.f  By  basing  the  present  design  approach  on  neglect¬ 
ing  the  sliding  effect,  predicted  performance, . life  and  relia¬ 
bility  will  be  conservative  with  regard  to  this  factor. 

The  preceding  analysis  is  based  oh  the  true  harmonic  shape.  Now, 
examination  will  be  given  to  the  effects  of  shape  distortion.  It 
was  for seen  that  forces  applied  at  points^  rather  than  distributed 
over  an  arc,  might  result  in  higher  stresses  due  to  local Ifzeri 
bending  and  shear,  which  might  limit  the  torque  due’  to  the 

j;.,  ”  :  19  "•  ..  .  ",  ■'=. 
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strength  of  the  materials,  Also,  the  shape  might  be 'distorted  so 
that  the  relationships  •  of  torque  and  the  supporting  .force  S4r  to 
the  power  angle  might  he  different,  This  sight  ox*  might  not  be 
advantageous,  .  For- example.,  tooth  action  might  be  affected  to 
the  degree  than  V t  decreased,-  It  was  desired  that  the  labora¬ 
tory  models  be..  sufficiently-  ■  oonservatiy^  in  design  to  demons.  . 
strata  feasibility  rather-  than  ri@kl.jag  a  negative,  result  in 
pushing  immediately  for  the  'ultimate, , "and.. also  not  require. ex¬ 
cessive  time  or  expense  for  manufacturing  or  possibly  'extensive 
rework  or  modification,  .$he  philosophy '.adopted ,  then,  was  that 
in  the  absence  of  a  more  ideal  shape -forming  element,  the  torque 
loading  should  be  limited  to  the  degree  that' shape  distortion 
was  negligible.  ,,  lt  was  decided'  to; make  some  experiments  with 
models  to.  study,  torque  efficiency/  shape  distortion  and  maximum . 
torque  when  the  ball--  hearing  is  eliminated','',  A  model  (Figures  6 
and  7)  was  prepared*  In'- Which  a  series  of  push  rods  with  curved 
tips  were  radially  placed  to  push  against  the  inside  of  a  'flex-", 
spline,-  under  the  teeth,  when  driven-,  by  a  manually  rotated .earn",- 
Strain  gages  were  bonded  on.  the  sides  of  one  push  rod  bo  permit 
compressive  force-  measurements  v;  A- viewing  window  on  the  end  per - 
jnitted  examination  of  the  flexspline  shape,  oyer  a  long  arc.  A 
potentiometer  was  attached  to  the  cam.  Shaft  to  permit  measuring 
the  distance  over  which  the  force  acted.  Static  measurements  of 
the  peak  force  on  one  rod  versus  applied  torque  are  given  in 
Table  III.  From  this  the  value  of^T  sin  2cf  was  calculated 
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.  95  ' 

0. 38 
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0.51 

720  . 

..  210 

0,52 

190 

0.57 
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280  'V; 

0.51 

240 

0.60  ' 

1200 

.  320  .  y 

0. 56  . 
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0.64 
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'>'>  *  Circular  Spline  Removed 


TABLE ,'  III  -  POINT  FORCE  (CAM-DRIVEN  PUSH  HOD) 
,  RESEARCH  MODEL  TEST  RESULTS 
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as  shown  with  16.  equally  spaced  push  rods. '  No  shape  distortion  " 
•was  .notiosahl®  at '"these,  torqpe  levels.  Assuming  then.,  that  the 
■'shape  hac  ■'essentially,  the  ideal  elliptold,1  the  limiting  value  of - 
4  is  calculated  as  ■  tl  ...  ■  ■  »  ■  ■ '  ■  ■ 

.  ■  c4  -  |  arafcan.—— **■ -20. 5°  (3-3'X) 

for  •*»  30u  with.  the.  pusn  roa  model. 

Therefore,  the  limiting  value  of  yfy  sin  2 xf  is  0, 66  f)  m. 
this'  the  apparent  vaMe  of  7?  t  at  1200  lb. in.  torque,  is 

'  v  t  . -  . . 

for  the  cup  shape  and 

^T""Og-  -  0,97  ,  ;  “  .  ...'  (3-33) 

for  the  bell  shape.  ‘ 

These  efficiencies  appear  quite  high,  but  there  are  many  sources 
I  of  experimental  and  Interpretative  .error.-  The  factor  of  tooth 
friction  is  apparently  very  instrumental  in  reducing  the  tooth 
separating  force,  so  that  efm  may  be  higher.  (It  was  not 
measured;.  This  would  result  in  lower “h-j  values.  The  value  of 
P  at  .po  load,  incldently,  is  not  a  true  measure  of  Pd,  which  was 
aepf.  jately  measured  by  the  usual  deflection  force  testa  as  about 
half  that  value.  Side  loading  of  the  push  rods  Introduce  siza¬ 
ble  errors  at  the  low  levels,  and  there  was  also  difficulty  with 
the  electrical  calibration  at  low  levels.  The  potentiometer 
showed  that  when  the  peak  force  was  measured,  the  loading  on 
adjacent  rods  was  zero,  validating  the  above  analysis.  The 
study  indicated  a  maximum  torque  of  about  1200  lb. in.  for  a  3.33 
inch  size,  beyond  which  the  device  could  not  be  rotated,  pre¬ 
sumably  due  to  Increasing  shape  distortion.  Harmonic  Drive 
torque  ratings  .are  normalized  to  the  cube  of  pitch  diameter  by 
the  oonstant 

••  K  -  -2k  .  (3-34) 


which,  with  English  units,  has  a  value  of  40  Ibs/in.2  for  long 
life  reliable  operation  employing  a  ball  bearing  wave  generator. 

The  point  foroc  cam  model '  with  only  §  rods  Jammed  and  could  not 
bo  rotated.  This  indicated  that  forces  with  this  degree  of  sens- 
ration  may  not  be  practical. 


Prom 


(3-32) 


It  w&b  OTSali zed  that  the  earn  model  produced  contact  forces  like 
a'- .ball  bearing,  not  field  forces  which  i«de~  ;■ 

pendent  of  siflillo.positiCn  'differences*  1UC«:  aatwrated  -ajagnetic ' 
fortes ; or  fluid  'forces.  -Hence,  .another  -••study-  model  WSs  used'* 

An  available -hydraulic  -Harmonic.  JSrive  unit  with  equally ‘spaced.1 : 
ports  Which  supplied  oil. to  push  loose-fitting  balls  against  'the 
fieitspline.  Was-  -used  to  measure- the  maxintup-  stall -torque,  for  tjno. 
cas@ss  : ;■  .  : ; 

(1)  Th©  -normal  .Tnumbef  of  24  ports* 

p.  (2}  [  Oiily;  &  ports,  ..two  out  of  every  three,  .  .  .  . 

:...  being  plugged.  . 

For  the  same  input  line  pressure  of  800  psi,  the  .comparable 
stall  torques,  were: 

24  Port; 3  8  Ports  , 

165  .  ;  38  "  ' .  ;  ' 

300  400 

i.io  o.7o 

Due  to  the  slightly  higher  flow  with  24  ports,  the  pressure  at 
the  flexspline  should  be  slightly  less  than  for  the  8  port®. 

The  intermediate  pressure  is  that  of  the  oil  delivered  to  all 
of  the  ports  positioned  within  an  arc  from  30°  to  75°  ahead  of 
the  port  with  main  pressure*  This  works  out  to  be  4  ports  for 
the  24  port  unit  and  1  port  for  the  8  port  unit,  and  could  not 
be  changed  without  the  making  of  a  new  spool  valve,  which  was 
not  deemed  justified.  The  much  greater  torque  for  the  24  port 
unit  is  partly  due  to  the  3  extra  ports  acting,.:  but  their 
pressure  was  set  lower  than  for  the  8.  •  -•. 


Stall  torque  (lb. in. )  „ 
Intermediate  pressure  (pel) 
Plow  to  both  lines  (gpm) 


To  overcome  the  problems  encountered  with  point  forces,  the 
conventional  approach  has  been  to  provide  a  cam,  which,  when 
rotated,  provides  the  necessary  forces  acting  through  a  ball 
bearing.  Actually,  it  is  found  that  al],  parts  of  such  a  wave 
generator  between  0  '<  <f  <  90°  produce  force.  Considering  inter- 
"  action  of  all  the  above  effects  the  force  distribution  for  such 
•wave  generators  has  the  general  form  shorn  in  Figure  8, 


Figure  8  -  Ideal  Force  Distribution 


Producing  this  force  distribution  Is  much  less  of  a  problem  for  . 
a  ball  bearing  .wave  .generator,  for  which  the  mean  compressive  ' 
stress  under. the  major  axis  has  the  general  level  of  several 
hundred  thousand  pal  for- high  torque  loads.  Fort  type  hydraulic 
.units  might  be  operated  at  levels  of  several  thousand,  pal.  It 
Is  mors  of  a  problem  for  Hydrodynamics  fluid  wave'  generators,  ••  - 

where, peak- pressures  run  under  1000  pal  in  order  to  have 
.  proper  bearing-film  thickness.  But  all  these  types  require  cam  ■ 
tor  valve  elements  rotating  at  input  speed,  which  results  in 
‘  Inertia . many  order ’ of  magnitude . greater  than  is  required  for. 
fast  response,  compact  servo  actuators;  Electromagnetic  de¬ 
flection  in  which  only  the- fields  rotate  vastly  reduces  the 
inertia, .  However,  there  are  definite  physical  limits  to  the 
"pressure"  it  can  produce..  This-  depends  solely  on  the  maximum 
flux  density,  which  is  determined  by  thC'ferrous  material  used. 
The  best  saturates  at  about  2.4  webers/m2  (24,000  gauss)  giving 
a  maximum  "pressure"  of 

•  .  :  F/a  =  ■*-  2,3  .x  106  n/tt»2  «•  340  pbI  (3-35), 

Since  the  optimum  distribution  Is  non--, symmetrical,  being  skewed 
with  the  peak  under  the. major  axis,  if  there  is  a  limit  at  this 
point  the  force  magnitudes  ahead  of  the  axis,  for  ideal  distribu¬ 
tion,  would  be  limited  even  more. 

The  effects  of  shape,  distortion  would  include  the  possibility  of 
higher  stresses  in  the  flexspline,  which  may  limit  the  torque , 
capability  and/or  shorten  life,  an  increase  in  the  torque  pro¬ 
duced  by  set  magnetic  forces,  and  art  off-setting  increase  in 
Inertia.  In  the  absence  of  more  qualitative  data  about  the 
mathematical  shape  of  the  flexspline  when  distorted,  in  order 
to  be  able  to  make  a  mathematical  analysis  a  curve  is  selected 
which  is  that  of  the  second  harmonic  of  the  normal  curve  over 
certain  parts  of  the  circumference,  and  which  has  zero  curvature 
over  the  other  parts.  This  shape  Is  shown  In  Figure  9.  The 
zero-curvature,  maximum-diameter  portion  covering  11-1/4°,  and 
centered  at. the  major  axis,  represents  fairly  accurately  the 
extended  tooth  contact  or  bulge  from  the  true  harmonic  shape 
that  results  with  high  load,  even  with  a  ball  bearing  wave 
generator.  The  zero-curvature,  minimum-diameter  portion  for 
0  *  50  5/8°  and  greater  represents  the  hugging  against  the 
bearing  that  occurs,.  When  the  method  used  to  calculate  Ft  and 
Fr  as  a  function  of  9  for  the  true  harmonic  shape  is  applied  to 
this  distorted  shape,  there  are  obtained  the  following  expres¬ 
sions:  „  •- 

Ft  =  2F  sin "4  («fm  -  5  5/8°)  (3-36) 

-  ..  "  ;  %  =  F  cos  4  (<5V-  5  5/8'°)  -■  (3-37) 


(THE  BOTTOM  IS  A  CONTINUATION  OF  THE  TOP) 
X-X  MAJOR  AXIS 

CURVE  EQUATIONS 


r  "  "  |  -90°  >  >  -'50  5/8° 

r  *  +  d  cos  4(cT+  5  5/8°)  -50  5/8°  >  3/8° 

/  •_ 

r  «  £&  +  d  -5  5/8°  >s  <>  >/  3  5/8° 

2  2 

r  «  2e*  +  4  cos  4(  <f  ~  5  5/8°)  5  5/8°  >  ^  >  50  5/8° 

r  •=  Bel  -=  so  5/8°  ^  sf  ^  900 

FORCE  EQUATIONS  APPLICABLE  TO  THE  0°  TO  90°  QUADRANT 
Ft  -  2F  sin  4(c)  -  5  3/8)  , 

Fr  =  F  cos  4(  <f -  5  5/8) 

/  • 'U 

FIGURE  9  SHAPE  DISTORTION  ASSUMED  FOR  TORQUE  CALCU¬ 
LATIONS  OF  SECTION  3.3  K- 

This  corresponds  to  Figure  74  except  that  here  the  Major 
Axis  is  taken  in  the  center-  of  the  11  1/4°  segment.  \ 
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She  values  of" peak  Fy/F  foroC'  ratio  produced  ape  given  t ri  . 
Table.  IV  and  compared  to  tho.f/e  foJ?  -the,  feme  harmonic  shape  tor 
three-  oases.  (20°  pressure  ij.hgle  in  all  ..'oases) . 


Case  True  Mrsionio .  Shape  Mstfer  v«d. ;  Shape 


vf  m 

.  Ft/f 

:  djo  : 

W%/F 

1. 

Single  step,  no 
steady  state  load  : 

.  -  £8*» 

I,4l4  ■ 

■“  2S|*. 

I.85 

2, 

Double  step,  no 
steady  state  load 

4«;0 

2.0 

•’  ,  450.  . " 

.  2,  00*  J 

-  •? 

3. 

Single  step,  max, 
steady  state  load 

■  '  \  . 

•  27© 

1,62 

I9h° 

1.95 

:  " '  '  TABLE  IV  -  VALUES  OP  Fy/P  .. 

*In  all  oases  except  this  one  the  mean  torque  output  is  approxi¬ 
mately  half  to  twa-thirds  that  given  by  the  peak  value,  but  for 
this  case  it  is  considerably  more,  because  the  force  begins 
acting  When  the  air  gap  has,  a  greater  value  than  SL  for  which 
the  mathematical  expressions,  used  give  the  maximum  torque,--;... 


'Hie  maximum  steady  state  load  is  that  for  which  %  ~  Ff  tan  20°, 
Therefore,  theoretically,  the  limiting  condition  for  maintain¬ 
ing  tooth  engagement  when  tooth  friction  effect,  deflection 
force,  and  inertia  force  are  neglected,  would  be  exceeded. 

Considering  superpositioh  of  a  number  of  applied  forces,  the 
general  expressions  for  calculating  torque  and  radial  support¬ 
ing  force  are  „  ■  '  -  •  •?. 

Pt  “  2  i8ooPk  Sin  2°k  (3“38) 

Fr  =  32  F k  cos  2©K  (3—39)  , 

1800  * 

■  ■  ■  •  i 

3.4  The  Pre-Stressed  Ring 

Besides  the  radial  forces  discussed  in  Section  3.3j  consider¬ 
ation  v/qs  given- early  In  the  project  to  another  unique  element 
that  can  provide  radial  tooth  engagement  force.  This  is  called 
the  pre-stressed  ring,*  However,  it  was  determined  in  the 

#The  pre-stressed  ring  Is  the  subject  matter  of  U. S,  Patent 
Application  No.  108,600.  All  proprietary  rights  of  United  Shoe 
Machinery  Corporation  are  hereby  reserved. 
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analysis  that-,  men  without  the  pre-otreesed  ring,  the  teeth 
should  not  disengage  when  no  electrical  power  was  applied,  due 
to  residual  magnetism*  As  a  result,  and  because  at;  the  time, 
the  element  was  not  developed  sufficiently  for  use  with.EHD,  it 
was  not  utilised  in  the  models.  When  they  were  operated,  no 
tendency  for  tooth  engagement  was  experienced bearing  out  the 
analysis.  The  pre~stressed  ring  might  warrant  future  investiga¬ 
tion  as  a  refinement,  since  it  would  assist  in  keeping  the 
teeth  engaged  and  permit,  a  somewhat  greater  ".power  angle.  As 
discussed  In  Section  3,6,  the  pre-sfcressed  ring  significantly 
increases  the  total  inertia  of  an  MX)  device,  although  its 
■inertia  would  be  negligible  in' relation  to  a  conventional  ball 
bearing  wave  generator.  Therefore,  if  the  increased  torque  it 
produces  is  permissible  from  a  shape -control  viewpoint,  it 
would  he  advantageous  to  include  the  pre “Stressed  ring  if  the 
actuator’s  power  rate  is,  thereby,  increased. 

3.5 _ Electromagnetic  Wave  Generation 

The  forces  that  are  applied  on  the  flexspline  at  equilibrium 
have  now  been  defined  and  examined.  It  is  quite  evident  that 
the  .result  of  all  these  external  forces  is  a  stress  distri¬ 
bution  within  the  flexspline  that  is  very  complex.  There  is 
certainly  no  intention  to  define  this  stress  distribution  hero. 
Still,  It  is  necessary  to  determine  the  extent  to  which  the 
driving  force  pattern'  can  be  altered  from  that  produced  by  a 
normal  harmonic  drive  wave  generator  ball  bearing,  which  has 
been  proved  to  work  properly  through  exhaustive  life  testing. 

The  approach  that  might  be  taken  is  to  use  the  design  guide 
parameters  that  have  been  successfully  developed  and  tested  and 
try  to  duplicate  the  action  of  a  ball  bearing  wave  generatoxv 
But  since  magnetic  forces  are  field  forces,  much  poox>er  con¬ 
trol  of  the  position  results,  that  is,  already  there  will  be 
an  unavoidable  departure  from  ball  bearing  action.  To  correct 
for  this  may  require  a  force  pattern  or  sequence  different 
from  what  the  bearing  produce's. 

Therefore,  it;  is  necessary  to  approach  the  question  of  required 
force  distribution  in  another  way.  The  fact  that  magnetic 
forces  differ  from  ball  bearing  "forces  must  he  accepted,  and 
the  characteristics  of  the  magnetic  forces  adapted  as  required. 
In.  order  to  withstand  the  external  loads  discussed  above.  It  is 
necessary  to  produce  driving  forces  that  support  thp  two  com¬ 
ponents  Fy  and  Fm.  At  the  same  time,  departure  from  proper 
“shape  cannot  be  too  great  or  trouble  might  be  encountered  from 
early  fatigue  failure  of  the  flexspline  or  from  greatly  in¬ 
creased  tooth  wear.  Since  the  shape  cannot  be  controlled  as. 
well  as  with  the  bearing,  considerable  care  should  be  given  to 
avoiding  severe  distort! one.  In.  general,  it  la  the  feeling  of 

experienced  Harmonic  Drive  personnel  that  gradual  departures . 

from  the  theoretical  shape  can  be  permitted  to  the  extent  that 
the  torque  and  .efficiency  can  be  reduced.  The  main  caution 
stressed  by  all  is  that  reversed  bending  should  be  avoided. 
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At  the  very  start  of  the  project,,  a  comprehensive  survey  was 
made  of  all  the. known  methods  of  producing  short  stroke . forces 
involving  electrical  or  magnetic  principles  to  determine  the 
best  candidates  for  further  study.  These,  including  the  ones 
considered  .worthwhile  enough  for  preliminary  analysis,  are 
listed  in  Table  V,  together  with  comment a  on  feasibility.  It 
was  decided  that  two  methods  offered  practical  value  for  a  high 
power  rate  actuator  of  a  reasonable  .size,  weight,  and  efficiency. 
They  were.: , 

1.1.1  Electromagnetic  attraction  using  a  soft  iron  "  • 

armature  (reluctance  action) 

1.1.2  Electromagnetic  attraction  using  an  armature 
which  has  a  fixed  magnetic  polarity,  ■  either 
by  use  of  a  permanent  magnet  or  a  coil  placed 
around  soft  iron  material. 

Before  discussing  these,  brief  comment  should  be  made  of  the 
nutating  armature.  This  is  an  outgrowth  of  a  rather  ancient 
idea,  covered  in  many  old  patents  (Heference  12),  of  a  rigid 
rotor  with  a  series  of  flats  that  mates  with  a  stator  which  has 
one  more  than  the  same  number  of  flats  each  with  the  same  face 
area ,  The  flats  are  magnetically  attracted  making  the  rotor 
walk  around  inside  the  stator.  A  flexible  connection  couples 
.it  to  the  load.  Applied  to  flexible-body  mechanics  (Harmonic 
Drive)  the  rotor  can  be  walked  around,  without  rotating,  in¬ 
side  a  flexspline,  thereby  acting  as  a  wave  generator.  The 
result  is  a  much  higher  reduction  ratio  and  torque  output  for 
the  same  size  unit,  compared  to  the  rigid  body  devices.  How¬ 
ever,  the  inertia  of  such  a  wave  generator,  (often  called  a 
"swash,  plate")  was  calculated  and  shown  to  be  much  greater  than 
even  the  rotating  ball  bearing  wave  generator  (see  Section  3.6).' 

Returning  to  the  two  feasible  concepts.  Figure  10  explains  some 
of  their  features  and  variations.  .From  the  viewpoint  of  force 
produced  in  terms  of  the  input  to  the  force  motor,  1.1.2  is 
just  a  special  and  more  versatile  case  of  1.1, 1,  Hence,  con¬ 
sider  1, 1. 1.  first.  ■  . 

Reluctance,  type  of  magnetic  forces  result  when  magnetic  flux 
of  high  density  issues  from  a  non-moving  magnet,  passes  across 
an  air  gap  into  a  movable  armature  assembly  of  sizable  area 
perpendicular  to%he  air  gap  flux,, ■>  The  third  dimension  of  the 
armature,  its  .depth,  depends  upon  the  type  of  return  path  of 
the  working  flux.  For  one  basic  type  of  force  motor,  in  which 
the  iron  path  remains  constant,  the  flux  after  entering  the 
armature  turns  a  right  angle,  passes  along  the  armature  a  cer¬ 
tain  distance,  and  then  turns  another  right  angle  and  recroases 
another  air  gap  similar  to  the  first  to  get  back  to  the  fixed 
magnet.  The  two  (japs  are  arranged  so  that  the  forces  establish¬ 
ed  at  both  gaps  add  together  to  provide  the  total  Output  torque. 
An  example  of  this  type  is  a.  servo  ..valve  torque  motor.  For  the 
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1,  Electromagnetic  field  Forceaj 

1.1  Radial -Ac ting  Armature 

1.1.1  Reluctance  Action 

1.1. 1.1  Integral  with  Flexsplinej 

1. 1.1.2  External  to  Plexsplina  I 


to 


B  K 

' s  > 

S'  s 


I*. 
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1.1. 2  Polarized  Armature  Action 
1.1. 2.1  Integral  with  Flexsplind 


1.1. 2.2  External  to  Plexapline 

1.2  Nutating  Armature 
(Swash  Plate) 


2.  Force  on  current  through  a 
■magnetic  field 

2.1  Radial  moving  printed 

circuit  card3  within  per- 
manent  magnets . 

3.  Piezoelectric  Force 

4.  Magnetostriotive  Force 

Vl_-  ; 


COMMENTS 


V 


Has  many  variations,,  see 
Figure  7  for  comparisons. 
Considered  marginally 
feasible  at  this'  time  due  to 

v 

poorer  chape  control  and 
dynamic  problems  -  no 
design  made. 

Plexapline  not  compatible 
with  permanent  magnets  or 
moving  coils. 

Same  comment  as  for  1.1. 1,2 
Inertia  several  orders  Of 
magnitude  higher 


/lExcessive  currents  required. 


H 


Amplitudes  too  small. 
Amplitudes  too  small.. 


TABLE  V  ~  METHODS  OF  PRODUCING  HARMONIC  DRIVE  INPUT  FORCES  CON- 
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second  basic  -type  of  force  motor  in  which  tho  iron  path  changes 
With  armature  movement,  part  of  the  magnet *8  fluk  passes  through 
the  armture  into  another  portion  of  the  magnet  on  the  other . 
side,  the  portion  of  .the  armature  lying  along  the  flux  path 
increasing  in  volume  to  fill  the  gap  with  .high  permeability., 
material.  'Due  to  the  reluctance  of  the  added material -which 
must  he.-aiagnatis5.edj  some,. of  the  total  MMF  in.  the  path  is  ... 
•'utilised#  and  as  a  result- a  slight  loss  in  force  occurs.  If 
the  permeability  of  the  material  is  several  orders  -of  magnitude 
greater  than  air,  the : loss  is  negligible  but  if  it. .’is  only  a  few 
times  greater#  the  loss  must  be  considered.  An  example  of  this 
latter  type  is  a  plunger  magnet. 

The  magnetic  force,  in  terms  of  the  input  can  be  expressed  as 


,  i  $£ 

2  ^  dx 


(3-40') ' 


where  ~<fi  is  the  MMF  dhop  across  the  air  gap,  the  change..  In 

permeance  with  change  in  gap.  (Derived. in  Appendix  V).  When 
the  iron  portion  of  the  magnetic  path  is  operated  below  its 
saturation  level,  the .MMF  drop  though  it  is  negligible  compared 
to  the  air  gap,  and  yv above  can  be  taken  as  the  input  MMF.  But 
for  high-power  tractive  electromagnets,  where  linearity  is,  un¬ 
important  but  the  highest  force  per.  unit  mass  of  armature  la 
desired  (as  with  the  EJHD),  the  flux  density  on  the  iron  reaches 
saturation  and  the  MMF  drop  in  the  iron  starts1 to  become  signi¬ 
ficant,  Hence,  it  is  more  convenient  to  utilise  an  alternate 
expression  for  magnetic  force 


-  F  »  (3-41) 
2  Ao  ' 

(also  derived  in  Appendix  V)  which  expresses  the  maximum  force 
availablefor  a  flux  density  based  upon  the  magnetic  material’s 
characteristics. 


Return  now  to  the  second  basic  type  of  force  motor  to  be  con¬ 
sidered.  When  an  armature  i3  used  . that  has  a  fixed  magnetic 
polarity  in  the  absence  of  any  other  fields,  there  is  a  bias 
flux  established  in  the  air  gaps  and,  for  equal  gap  areas,,  the 
flux  densities  are  equal,  When  a  non-constant  magnetic  field 
Is  applied,  the  flux  lines  so  produced  interact  with  the  bias 
field  in  accordance  with  known  physical  principles  to  produce  a 
combined  magnetic  field  distribution  by  which  the  flux  density 
is  higher  where  they  reinforce,  lower  where  they  counteract. 

Tile  major  advantage  of  the  polarized  armature  over  the  non¬ 
polarised  types  are  that  a  bidirectional  force  can  be  produced 
upon  the  armature  by  a .magnet  yoke,  positioned  on  just  one  side 
of  the  armature.  With  reluctance,  action,  bidirectional  force 

•3^V,;. ;.--.•  "  '  '  > 


requires  yokes  on  both  sides.  With  just  one  yoke »  the  armature 
mass  mat  still  be  accelerated  during'  periods  when  no  force  is 
produced.  With  bidirectional  ’'forces, .  higher  ..power  rate  results.- 

As  the  total  torque  may  now  exceed1  the  limit  based  upon  shape' 
control,  this  may  dictate  a  reduction  in  armature  size,  rather 
than  a  torque  increase,  also  increasing  power,  rate  compared  to 
the  unidirectional  reluctance  forces. 

.  •‘Hie  -armature  is  arranged  so  as  to  apply  radial  forces  to  the 
flexspline  deflecting  it  into  engagement  with  the  circular  spline 
through  the  small  distance  required,  which  is  a  function- ■.•of .  the 
reduction  ratio  and  the  basic  size  of  the  actuator.,  in  order  to 
obtain  rotation  of  this  deflecting  action  around  the  flexspline, 
a  number  of  such  magnets  can  be  used  together  with  proper  phasing 

With  the  increasing' -iron-path 'type,  it  can  be  seen  that  the 
material  must  of  necessity  be  a  magnetic  powder,  liquid  or  some 
highly  elastic  solid  such  as  rubber.  Because  of  its  required 
elastic  property,  it  cannot  by  it ap If  be  used  to  apply  forces 
on  the  flexspline  unless  the  flexspline  Is  directly  along  the  ■ 
flux  path.  Thus,  the  flexspline  necessarily  it  placed  as  a 
membrane  across  the  path.,  Its  material  can  be  of  two  types: 

1.  Magnetic.  -  In  this  case  it  will  also  provide  a  flux 
path  within  itself  of  the  .fixed -iron-length  type.  . 

The  two  paths  would  be  in  parallel  magnetically,  and 
the  flexspline  would  be  brought  to  saturation  before 
the  powder  path  is  significantly  magnetized.  From 
the  viewpoint  of  force,  this  is  good  as  there  is  a 
no  loss  in  force  involved.  But,  there  is  a  major 
disadvantage.  The  flexspline  acts  as  an  excellent 
electrical  conductor  path  for  eddy  currents. ■  This 
incurs  power  loss  and  also  time  delay,  which  may  : 
limit  the  speed  of  operation.  A  way  around  this  would 
result  from  a  flexspline  construction  that  had  mag^ 
netie  elements  directionally  placed  to  carry  flux: 

Without  providing  a  current  path  at  right  angles. 

One  embodiment  might  be  a  coll  of  wire  embedded  in 
plastic. 

2.  Mon-magnetic .  -  In  this  case,  the  flexspline  only 
acts  as  an  increase  in  air  gap,.  Obviously,  a  nop 
conductor  such  as  plastic  should  be  used,  because 
if  non -magnetic  stainless  steel  or  aluminum  were 
used,  for  example,  there  would  be  the  disadvantage 
of  eddy  currents  without  the  advantage  of  providing 
a  parallel  flux  path. 

It  is  desirable  to  avoid  eddy  currents  in  all  iron  portions  of 
the  path,  armature  or  fixed.:  ' 

It  was  seen  that  to  obtain  significant  forces,  the  area  hold  to 
be  "  large.  For  the  fixed- iron-length  type,  the  crcsc-scctlonal 
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area  of-' the  amt«re  must  equal  that  of  the.  air  ipp>  m  the.' 
armature*  a  •  thlekneas  is  considerable,  •  Tm  problem  was  to  Revise  ' 
an  armature  of;  largo  thickness  which,  was'  essentially  «b  less 
flexible  then  .a  flexspilnb*  . 

In  factA  'this  constituted  the  key  design  problem  to  he  solved, 

©is  .approach  -used  in.  two  of  the  model®  was.  to  use  a  .series,  of 
laminations  .or  links  that  constitute  parallel  flux  paths,  but 
are  not  joined  to  each  other  so  do  not  raise  the  deflection:, 
force,  The  lamination’  thickness  should  be  of  the  order  required 
to  prevent ' eddy ' currents .  For  the  increasing -iron-lerigfch  type, 
th©  total,  thickness  of.  the  arnnature  must  be  the  thickness  of 
the  fl exspline  plus  the  ’Harmonic  .©rive  -  deflection  plus  a  reason¬ 
able  minimum  clearance  for  containment  of,  that  portion  of*  the 
powder  that  does  not  move  away  when  the  flux  is  low  or  zero. 

This  is  an.  area  for  -design. optiraumizatlon. 

Referring  again-  to  Figure  10.  consider  next  how  the  forces  are 
attached  to  the  flex spline. 

Distributed  fortes  are.  considered  much  superior  in  their  closer 
duplication  of  the  ball  bearing  and  avoidance  of  high  localized 
stresses.  In  the  push  rod  point  force  model  tests  when  the  model 
was  operated  with  only  8  rods,  it.  was  not  possible  to  rotate  the 
unit  with  any  torque  load.  Shape  distortions  impeded  the  action 
of  the  cams  and  push  rods.  Even  though  magnetic  field  forces 
would  behave  somewhat  differently,  an  indication  of  shape  dis¬ 
tortion  was  given  at  higher  torques  with  the  l6  push  rod  tests. 
Thus,  integral  mounting  is  preferable. 

With  the  polarized  armature,  the  fixed  iron  provides  all  the 
advantages  and.  none  of  the  disadvantages  of  the  lnereaBlng-iron 
type  and  so  would  be  preferred.  But  no  way  was  found  by  which 
the  polarized  armature  could  be  made  integral  with  the  flex-  : 
spline,  Permanent  magnetic  material  has  poor  mechanical 
properties  and  a  considerable  mass  Is  required  to  achieve  a 
useful  field  strength.  The  continuous  shape  of  the  f lexspline 
does  not  lend  itself  to  having  coils  placed  around  it,  Thus 
the  polarized  armature  typo  has  to  be  external.  ‘Hi  1b  was  the 
major  reason  for  deciding  not  to  design  a  soodel  of  the  polar¬ 
ized  armature  type,,  employing  external  torque  motors!  connected 
to  the  f lexspline.  If  this  type  were  to  be  pursued,  a  method 
of  attachment  that  does  not  stiffen  the  f lexspline  must  be  con¬ 
ceived,  It  was  also  believed  that  this  type  would  have  lower 
resonances,  be  more  affected  by  shock  and  vibration,  and  require 
more  Volume  and  weight.  .. 

Therefore  a  choice  was  made  for  the  reluctance  type.  The  follow¬ 
ing  discussion  in  this  report  will  be  concerned  with  this  type 

only.  ■  .-  -f, h;;; 7;;-' ‘ 

It  has  been  shown  that  the  increasing  iron  type  of  magnetic 
circuit  must  work  in  conjunction  with  a  f lexspline,  so  this 


eliminates  the  external  attachment  in'  Mw  of  the  Integral,  >•' 
This  becomes  on©  of  the  feasible  types,  Although  the  fixed  iron 
type-  of  circuit  could  he  'made  'either  integral  or  external,  for 
the.  reasons  given  integral  la  oho  sen,  'Ms  Is  the  other  feast-- 
Ijla  type,  ■  ,  ....  ;  '-.'...•  '  .-',  ".;.v-  - 

Figure  10  gives  ..the  disadvantages  for  dropping  various-  variations 
timt  have  been  discussed;  -V?  •  /  -  .•  .  .  -  .  - 

frihe  next  design  variable-,  to  'be  considered, . from  Figure  id,  is  .... 
that  of  flux  orientation,  There  are  •  three.- 'possible '  orientations, 
as  shown  m  Figure  11.  ■Variation.  (G)  also  Ms  some  of  { B )  If  it 
has  a  metal  fXexapline,  as  discussed  previously. ■  A  variation  of. 
(a)  would  be  use  of  an  E  shape  fixed  portion,  with  a  center  leg* 
In  order  to  minimize  flux  leakage,  the  windings  should  be  placed 
as  close  to  the  air  gap  as  possible,  $hus  all  legs  require  the, 
same  MME,  since  ...... 


(3«42) 


Hence,  the  K  shape  requires  5°$  more  total  MMF.  Also  the  E  shape 
has  more -  armature  mass  per  force  produced*  Xhd  E  shape  'la  es¬ 
sential  with  many  types  of  polarissed  armature  motors. 


'l’he  flux  orientations  (B)  and  (C),.  if  they  utilize  a  sufficient 
number  of  stator  pole  teeth,  can  conveniently  be  made  to  have  a 
nearly  sinusoidal  distribution  of  flux,  as  with  an  AC  motor. 

This  results  in  a  constant-magnitude,  traveling  wave  of  force 
(the  same  result  produced  by  the  external  polarized  magnet  motor 
with  sinusoidal  input.)  Provided  that  the  load  is  suitably 
limited,  the  Harmonic  Drive  shape  will  rotate  in  synchronism  at 
a  frequency  equal  to  the  excitation  frequency.  Furthermore,  when 
operated  with  a  suitably  matched  external  load,  the  device  will 
produce  constant  output  torque  and  tooth  supporting  force. 

Orientation  (B)  has  the  disadvantage  that  all -the  flux  is  fo- ’’ 
cussed  through  the  links  so  that  the  maximum  flux  density  at  the 
gap  is  less  than  with  (A)  or  (c).  In  fact,'  peak  air  gap  flux 
density  is  given  by 
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where  A  is  the  flux  density  in  the  most  highly  magnetized  link, 
r,  is  the  link’s  radial  thickness,  wq  Is  the  arc  length  of  a 


stator  pole  tooth,  and 


\V-0Z*  ;  Represents 
90°  y-’m  . 


the  summation,  of 
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FIGURE  11  FLUX  ORIENTATIONS  OF  THE  RELUCTANCE  TYPE  ACTUATOR 


flux  from  various  stator-- teeth 'Which  equals  3.8  .for  rootle!  3SfiB~2B 
'For  typical  values  .of  .r,  to  wq  of  about  1.3  (model  EHp-4),  is 
reduced  by  about  1/3.  Another  disadvantage  of  (B }  is  the  .air 
gape  between  each  of  the  links.  ’The  flux  passing  through  pro¬ 
duces-  MMF  drop  and  frictional  force  which  stiffens  the  rlexspline' 
and  'increases  power  losses,  ©yen  though  there  ia  ho  powder  path 
with  its  ?®s?  drop,  Also  (A)  is  stiffened  by  the  rubber  tubing’ 
Joining. the  laminations  and  (C)  by  the  diaphragms  that  are. used 
-  to  confine' the  powder  to  the  air  gap,  (p),  of  course,  suffers  ; 
from  the  loss  of  force  due  to  the.  permeability-  of • the'  powder.  (B) 
and  (C)  can  conveniently,  use  ready-made  motor  field  statore,  or 
at  least  parts  which  need  only  minor  modification.,  {A)  has  to 
be  made  as  a  series  of  individual  magnets.  Although  it  could  be* 
wound  to  have  a  sinusoidal  distribution,  it  lends  itself  most 
readily  to  separate  windings  of  each  magnet.  When  these  are 
sequentially''' driven,  stepping  action  ih. achieved,  The  force  pro¬ 
duced  by  each  magnet  is  considered  essentially  constant  in  magni¬ 
tude  due  to  saturation  of  the  armature.  It  is  fixed  in  space  by 
the  fixed  position  of  the  magnet  and  makes  the  shape  step  until 
net  accelerating  torque  output  is  zero.  The  angle  between  its 
resultant  force  and  the  instantaneous  major  axis  changes  through¬ 
out  the  step. 

An  a  result  of  these  variations,  it  was  believed  that  a  number 
of  models  were  worthy  of  detailed  analysis,  design,  manufacture 
and  test,  Actually  four  were  made,-  as  identified  In  Figure  10, 
Typds  EHD-2  and  EHD-4  are  representative  of  flux  orientation  (C) 
and  (B)  respectively,  which  use  the  same  bellshape  flexspline, 
stator  and  housing.  The  flexspline  is  metal.  Both  were  operated 
using  tooth  engagement  as  well  as  friction  drive.  Type  was 

a  preliminary  model  using  &,  toothless  plastic  sup  shape .  flexspline 
in  the  same  stator  and  housing.  Type  EHD-3  is  representative  of  1 
flux  orientation  (A). 

Sectional  drawings  of  EHD-2  through  4  are  shown  in  Figures  12. 
through  14.  Various  photographs  of  the  complete  models  and  some 
of  their  key  elements  are  shown  in  Figures  15  through  2.1.  Figures 
and  23  show  a  demonstration  model  made  early,  in  the  program, 
which  has  no  teeth  or  output  shaft,  but  proves  that  an  A~C  field 
will  rotate  a  flexible  ring  by  harmonic  drive  action.  The  capa¬ 
citors  produce  two  phases  to  assure  starting  and  constant  magni¬ 
tude  flux. 

These  models  meet  the  basic  requirements  set  forth  in  Section  3*3 
to  varying  degrees.  They  will  now  foe  compared  with  regard  to 
angular  spacing  between  magnet  poles  and  distribution  of  force 
produced.  With  the  stepping  field*  actuator,  model  EHD-3»  angu¬ 
lar  spacing  between  poles  refers  to  the  angle  moved  with  each, 
step.  With  16  magnets,  this  is  22-1/2°  for  a  Single  step  and 


♦Abbreviated  SF  in  this  report. 
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FIGURE  12  MODEL  SHB-3  SECTIONAL  DRAWING 
WEIGHT  AS  BUILT  22  IBS. 

PITCH  SIAMES'SR.  3  V2* 


H  -  »r>  A  ."'*0 rtwaA*  **/  -  .'A  ‘  y  '!;■ 

'■’  ■ 


;  >  jyraptc^.  .  '-^};T'^ 


FIGURE  lb  KIiD~l  STUDY  MODEL 
END  VIEW,  END  DEL 
REMOVED 


FIGURE  .15  EHD-l  STUDY  MODEL 
END  VIEW 


FIGURE  1?  £HD~1  STUDY  MODEL,  EXPLODED 


FIGURE  18  ARMATURE  CORE  FOR  MODELS  EHD-1  AND  EHO-2 
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FIGURE  20  MODEL  EHD-3 
ASSEMBLED 


FIGURE  19  MODEL  EHD-4  LINK 
;  -  .  ARMATURE  '.  ..■ 


FIGURE  21  MODELEHD-3  EXPLODED 
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TO  DEMONSTRATE  ELECTROMAGNETIC 


FIGURE  28  STUDY  MODEL  _ . 

HARMONIC  DRIVE  ACTION 


FIGURE  23  STUDY  MODEL  TO  DEMONSTRATE  BLECTROKA GNETIC 
.  !  HARMONIC  DRIVE  ACTION,  RING  REMOVED  - . 


45°  for  a  double  atop,  It  bann  .staown  that'  t-he  double,  step 
.  produces  s  larges*  peak  arid  mean  torque*.  but  thet  the  t»eth  may 
disengage,  A  single  step  with  an  8  magnet  design  ppodtto'aa  t ha 
same  result*  Twelve  {,12}  magnets 'would  offer  a  oompromise, 

Thus*  the  smaller 'the  step  angle*  the  more  constant  but  lower,  the 
torque.  Constant  torque  output  is  not  obtained  with  mat  existing 
stepping  devices*  In.  fact  it  is  batter  to  have  a  high  accelerating 
torque  at -the  start  of  the  step,  The  maximum  step  and  hence  the 
minimum  allowable  value  of  Fit  Is  subject  to  interpretation,'  -The 

•  instantaneous,  values  of  the  -redie.l.  •  Aonponehts  of  the  .tooth  load 

•  and  the-  driving  forced*  in.  eonjuotlon  with  the  inertial  resistance 
of ;.  the '  ,f ioacspilne  to  move  suddenly*  will  determine  the  lnat&ntane**. 
oue -fiexapline  shape  in  thb.  tooth  contact  area,  The  average- 
torque  loading  Mil  .be  lover  fob  the  electromagnetic  drive  than 
fox*  ball  "bearing  wave  generator.,  .types,  and  a  large  value  of.  pitch ' 

. line.. overlap  is  generally  to  be  provided  at  the  major  axis,'  •  After 
each.. new  step*  the  flexspline  is  given  a  pulse*  of  outward  force 
at  this  point  which  moves  the  flexspline  outward1)  in  the  interven- 
tug  arc  between  major  axis  and  the  new  force,  the  portion  toward 
which  the  major, .axis  -.Is  moving,  The  conditions  for  Harmonic  Strive 
action  exist*  even  though  there  will  be  pulsations  in  -the  motion*- 
possible  minor  local  deformations  as  a  result,  and  some  tooth 
sliding,  If  we  provide  a  pattern  and  sequence  of  driving 'forces 
sufficient,  to  establish  overlap  at  start  up  of  the  device  under 
load,  then  it  can  be  ejected  that  overlap  will  exist  over  most 
of  the  cycle.  There  will  foe  only  a  small  portion  of  the  cycle 
'where  ity  might  be  momentarily  less  than  Fty. 

With  the  rotating  field*  types,  spacing  between  poles  refers  to 
the  distance  between  stator  pole  teeth  or  slots.  If  significant* 
this  can  cause  distortions  in  the  desired  sinusoidal  flux  dis¬ 
tribution,  But  with  tha  usual  number  of  about  24  Blots,  this  is 
not  a  problem. 

Force  distribution  la  studied  as  the  length  of  arc  segment  over  • 
which  the  fore®  is  Instantaneously  applied.  With  the  S3?  type* 
this  refers  to  whether  or  not  two  or  more  adjacent  poles  are 
energised  at  the  same  time*  and  if  there  fa  overlap.  Prom  earli¬ 
er  discussion*  it  was  said  that  the  angle  from  0°  to  45°  is  most 
useful  for  providing  both  Ft  and  Sty  forces.  Thus,  the  SF  type 
should  be  designed  to  have  a  45°  distribution*  two  adjacent  poles 
acting  simultaneously.  With  a  single  step* • this  makes  the  maxi- 
mum  power  angle  22-1/2°  for  the  combined  magnets.  An  alternate 
of  having  three  adjacent  poles  acting  produces  the  same  maximum 
power  angle*  for  the  combined  magnets,  but  since  .there  -tyre,  three  - 
magnets  acting  over  an  angle  from  -11-1/4°  to  +56-1/4°  the.  total 
Ft  Is  increased,  by  the  amounts  shown  in  Table  VI, 


*Abbreviated  RF  in  this  report, 

,v  n  -• 


.Norms  listed 

Three  Adjacent  Magnate 

Two  Adjacent  Magi 

Force 

Slngl.e^tog^^ 

Single  Stop 

•1  rfliV  .  -U, ( . t/V» Ci/jK* 

.  ft/p 

1.84 

1*41  .  , 

V* 

0.71 

'-0,71  ; 

v» 

.  0.67 

..  0,51 

TABLE  VI  -  EFFECT  OF  OVERLAP'  BFONFOKOKS 


Urns,  an  increased  torque  is.  produced.'  -However,''  the  increased 
torque  loading  may  produce  excessive  stresses  through,  distortion, 
the  margin  by  which  F»  exceeds  Fjj  is  very  small,  and  50#  wore 
total  current  is  required  by  the  actuator  so  that  the  heat  gener¬ 
ated,  is  ’also  $0$  greater.  Hence  the  gain  may  not  be  worthwhile;’ 
Two  adjacent  magnets  wore  employed  with  the  BHD -3  testa.  Figure 
24  shows  the  distribution  of  all  the  forces  for  this  model. 

For  the  RF  type,  distribution  of  forces  refers  to  the  angle  over 
which" a  half  wave  of  the  sinusoidal  force  is  applied.  This  is 
necessarily  l8o°  with  a  sinusoidal  flux  distribution,  since  there 
can  only  be  two  poles  to  produce  the  elliptoidal  flexspli'he  shape. 
This  considerably  exceeds  the  desired  angle,  and  Is  a  disadvantage 
(The  external  polarized  armature  type  would  have  a  90°  angle  that 
is  much  superior).  One  possible  way  to  get  a  90°  distribution 
from  the  RF  type  would  be  to  apply  half  wave  sinusoidal  currents 
to  a  4  pole  stator,  as  shown  in  Figure  25,  The  disadvantages  are 
torque  and  supporting  force  fluctuations  to  zero,  and  lower  effi¬ 
ciency.  .. 

Figure  8.6  shows  the  distribution  of  all  the  forces  on  the  RF 
models.  A  summary  of  the  advantages  and  disadvantages  that  have 
been  discussed  is  given  in  Table  VII.  - 

3.6  Inertia 

The  mass  moment  of  inertia  J$f  of.-the  BHD  devices  is  calculated 
by  summing  the  contributions  of  various  moving  elements.  For  • 
elements  rotating  without  deflecting,  inertia  is  calculated  simply 
by  the  common  methods  given  in  texts  on  mechanics  (Reference  11), 
For  example,  •  '  - .  •  '  , 

,  .  J  -  I’M  (rG2  +  rf)  ;  .  (3-44) 

for  a  cylindrical  element  of  outside  and  inside  radii  r0  and  r<- 
and.masa  M.  x  • 


45 


Input  magnetic  giving  f- 


LINES  OF  FLUX 


FIGURE  25  MODIFIED  4  POLE  MACHINE  WINDING  OF  ROTATING 
•  FIELD  STATOR  ,  '  '  •  »  ■ 

Diametrically  opposed  stator  poles  are 
.  magnetically  in  aeries  as  shown.  Quadrature 

.  axis  current  Is  Eero  due  to  half  .yrave 
rectification.  ....  '  "  -  %  .... 
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For  t* iit»  tlwl.  ueflooi,  choir  deflection  oonbribufceB  an  effec¬ 
tive  inertia  when  viewed  from  the  output  shaft,  which  la  moat 
conveniently  calculated  as  follows*  (The  following  formulas  are 
derived  in  Appendix  VI* }  The  mean  kinetic  energy  of  the  deflect¬ 
ing  elements  due  only  to  the  motion  of  such  deflections,  is  found 
and  equated  to  the  expression  for  rotational  kinetic  energy  at  the 
output  shaft  '  •  ■  •  •  •  -  ■ 


*i  ft  O  ‘  r  • 

W  -  A  JM%f 

This  expression  is  solved  for  JM  :  '  ;• 


If  the  deflecting  elements  happen  to  also  -rotate  with  a  speed 
equal  to .  some v  constant  fraction  of  the  output  shafts;:  then*-  this  -  ' 

inertia  is  found  as  for  rigid  elements  discussed  above  and  added 
to,  the  inertia  due  to  deflection*  One  note  of  explanation  is.1, 
necessary  here.  If  the  speed  Is.  less  than  output  speed,  say  the 
fraction  Hg^i. then. inertia,  reflected  to  the  output  shaft,  is 

equal  ,t o'  the"  inertia  of  the  element  times  since  ■  Inertias  i. 
are  reflected  through  gear  ratios  as  the  ■  square  of  the 
ratio.  ...y  \  ~ 


For  the.  6a.se  when  the  flexible  membex^s  have  Ideal  harmonic .  shape, 
every  element  of  the  flexible  member  has  an  elliptoidal  motion  to 
its  deflection,  arid  the  effective  inertia  of  a  continuous  homo¬ 
geneous  flexible  cylinder  is  ,  •  :  1, 


:  ./  uv;' -V  ,,  J  -  |p^  - ;  (3^-7) 

where  /*  is. the  density  of  the  elements  including  applicable 
stacking  factor  and  V  is  the  circumscribing,  volume  of  the  entire 
cylinder  of  flexible  elements,  I'----.,  ••• 

If  ,the-:-;' shape  is  distorted  from,  the  ideal,,  its  .Inertia  increases, 
For,  example,  wh©h. distorted  •  to"  the  degree -.described/in  Section 
.3,3,  ah  assumed  .possihle.  shape  which  is.  convenient; for  calcu¬ 
lations  and  considered  somewhat  representative  of  the: "bulge  and 
hug"  effect,  the  iriei’tia  would  dpubl©,;.  -:Y r's~- 

Ip  the  case  of  a  cup -shaped  flex spline,  as  used  With  Model  BHD-3, 
the  most  sighifloahfc  parfc  of  its  defleatihg  mass  is  that  of  the 
tooth  bad*  It  is  convenient  to.  make  the. approximation  that  the 
Inertia  -  due  to-'  deflection  is  based  solely  on.  the.  bed  and 'that. 


for  «  h  p.c%  nf  length 


J3p, 
8  ' 


to  oonsJ.^e?  that  it  has  parsll  &X  jr»v?  v'Ioa 


l.e.,  that  a  line  along  the  teeth  always  remains  parallel  to  the 
axle  of  the  flexapline*  Actually,  the.  bed  rotates  around  a  center 
near  the  outside  of  the  diaphragm,  but  the  result  is  essentially 
the  same  and  the  analysis  is  greatly  simplified,  particularly 
when  the  tangential  component  of  velocity  is  to  be  taken  into 
effect* 

In  the  case  of  type  BHD-3,  there  are  a  series  of  armature  lami¬ 
nations  that  also  act  hr  levers  pivoting  essentially  at 'one .end. 

Due  to  their  closeness  and  coupling  by  the "rubber "tubing'  ind 'the 
f  laxsplino,  they 'Will,  exhibit  -harmonic  motion, '  or  at  least  soma 
degree  thereof,  and  -so -tangential  motion  should  again  be  consider¬ 
ed,*.  But  the  variation  of  mass' of  these  .  levers  with  length  ‘is  . 
essentially  constant  .so  that  a  different  approach  is  oonvchient. 

One.  then  finds  the  radius  of  gyration  of  the  levers, -  k,  which'  is  •&:'■:■ 
defined  as  the  distance  from  the  axis  of  inertia  to  the  point  at 
which  the.  maos .  of  .ihe;  body  may  be .  assumed,  to  be  ebhebntratbd  and  1  - 
still  have  .the  same  moment  of  inertia  as  does  the  actual  distri¬ 
buted  mass  of  the  body,  -  ■'  " 

Per  the  idealised  shape  assumed  for  a  lever,  from  Appmdix  VI 

k  •  2,66"  ■  ''{3-48) 

The  amplitude  of  motion  at  this  point  is  related  to  the  known 
amplitude  at  the  center  of  the  teeth  by  the  ratio  . 


l£  . 

3-2 


2,66 

■£T- 


V  (3^9) 


Due  to  the  proportions,  then,  in  this  case  if  is  possible  to  oon« 
alder  that,  the  armature  elements  are  deflecting  at  the  plane  of 
the  teeth  with  the  known  amplitude  d.  -V  --U. 


In  the  case  of  Model  EHD-2,  there  is  a  powddr  of  small  iron 
particles  that' experiences  harmonic  fiction,  or  a  degree  thereof, 
as  shown  by, highspeed  movie  studies.  A  reasonable  approximation 
for  the  inertia  of  the  powder  Is  obtained  by  considering  that  the 
powder  acts  as  a  flexing  cylinder  the  same  as  the  tooth  bed  or  a  " 
flexing  ring  of  armature  material,  selecting  a  density  that  accounts 
for  the  porosity.  Since  the  particles  have  to  periodically  move 
circumferentially  to  provide  clearance  for  the  inward-deflecting 
flexspline,  the  inertia  may  be  greater  than  the  simplifying, 
assumption  yields,  but  no  analytical  expression  for  the  increase 
was  obtained.  Thus,  the  inertia  calculated  would  represent  a 
limiting  minimum  value  and  hence  the  boat  obtainable  result. 


Type  KHi)-.R  also  contains  a  different;  element- ,  the  beUsStaped 
flexaplins,  in  which  the  tooth  bed  and  all  portions  that  are 
parallel  in  the  ncm-def looted  state  are  designed  to  move  with 
parallel  motion.  The  inertia  due  to  the  deflection  of  such  m.-m 
oan,  in  this  .ease,  be  calculated  exactly.  However,  that  inertia 
due’  to  the  curved  shell  represents  another  case.  A  satisfactory 
approximation  is ' to  consider  that  the  total  mass-  of  the  Curved 
portion  la  equal  to  about  §  the  total  mass  of  the  parallel  por¬ 
tion,  and  that  the  average  velocity  ratio  obtained  from  the 
graphical  analysis  of  Figure  2?  is  about.  2/3.  to  0.7,  Since,,, 
kinetic  nnsrgy .is  proportional  to  the  velocity  squared,  "the;  -  ’ 

kinetic  energy,  and  feonoe  the.  effective  inertia,  contributed  by 
the  curved  portion  is  about  £  that  of  the  parallel  portion.  ,.  Ixi 
the  case ' of  the  cup  shape,  the  velocity  ratio,  is  much  lower  ho'  - 
the  shell  portion  is  neglected. 

With  some  of  the,. types  of  magnetic  force  sources 'considered  in 
the  study  phase,  such  as  external  polarized  armature  torque  motors 
connected  to  the  flexspllne  by  linkage^  the  force  is  constantly", 
varying,  sinusoidally  for  linear  operation  with. the  ideal  phasing, 
and  the  motion  of  the  flexspllne  is  olliptoidsl  .or-neat’ly  so, 

With  the  RP  types  the  force  is  spread  out  over  180 -.  and  there  are 
departures  from  the  ideal  motion,  '  With  the  SF  type  magnetic  force 
is  essentially  constant  after  flux  rise  time  and  neglecting  the 
Incremental  permeability  of  the  iron  above  saturation,  so  the 
motion  is  far  from  ©lliptoidal,  '.Che  forces  are  maximum  when  the 
armatures  reach  the  end  of  their  stroke  and  hence,  they  possess 
significant  terminal  velocity.  This  is  evidenced  by. the  noise 
■produced  by  the  -  Impacting.,  of  the  anriatures  .upon  the  pole  faces. 

In  this  ease,  the  mean  kinetic  energy,  is  greater,  and  it  would 
follow  that  the  effective  inertia  is  also, ,  An  alternative  way  of 
viewing  this  effect  would  be  that  the  excessive  kinetic  energy  is 
transformed  into  heat  and  noise,  and  since  It  is  not- conserved, 
it  does  not  contrlbute.fo  effective  inertia,:;  But,  In  this  case, 
the  torque  efficlehcyl/T- would  have  to  be  ad justed  -  and  torque 
output  would  be  less.  ’From  an  overall 'viewpoint,:. power  rate  will 
be  decreased  in  either  case.  Since,  no  me thp<$.  was1-, evolved  of  calou 
luting  the  change  ip^T*  the  effect  was  calculated  as  ah  increase 
In  inertia, •  in  Appendix  VI.  Ihia  shows;, that  the ' increase  is  in¬ 
versely  proportional  to  operating  speed.  For  example,  at  19  rpm 
for  model  EHB»3,  the  inertia  due  to  radial  motion  of  the  armature 
increases  by  6jj6,  • 

Some  brief  analysis  was  also  given  to  the  inertia  of  a  pre¬ 
stressed  ring.  Inertia  varies  directly  With  the  degree  of  motion, 
po  that  there  is  a  corresponding  increase  in  inertia  as  the 
effeotlyeness  of  the  element '  is  Increased.  ’ 

••It  'should  -be '•  noted- '.'that  -. in  the  calculations  of  inertia  madec'in- 
Appendix  VII  the  tangential  component  of  the  inertia  due,  to  do-  - 
flection  of  the-armatures 1  has  not  been  /included,  whloh  has  only  a 
very  slight  effect' upon,  the  total,  "  - 


nm. vly.  three  o Mara  of  magnitude  greater  than  the  other  oanaepts* 

p,_s r»  MMwpiOj  for*  Hg  ss  1.56*1  iv  a  (s*w#  as  «mi5«5,  using 

&  steel  swash  plate  •-■.  ■' 

iT  »  7*4  kg~m2  .  ;(3.»51) 

compared  to  ,  .f”..;  ■'  ■  \T  / 7 

jrHj  «  1.2  x  10"2  kg-tt2  for  'model’ :  SHD-3  (S-a?) 

which  is  calculated  iV  Section  4. 


pwym. 


FIGURE  2T  COMPARISON  OF  MOTION  AND  VELOCITY  AMPLITUDES 
OF  TEE  0URF1D  AMD  PARALLEL  FORmOHSGF  A  BELL 
■  SHAPE  FLMSPLXHE, 

poi»  ®le3tr©~»agn®tic  deflection  the . parallel  ,/ 
.portion  'la  taken  as  .Do/8  long  (Deflection  • 


SECTION  4 


STEPPING  FIELD  TXPJS  *  DETAIL'®)  ANALYSIS  AND 


_  tfMrfT|Tf 7 


IUAL  ^MiTIGN  of  design- 


4. 1  Geugx'al 

;tn  Preceding  sections  the  problem  has  been  stated >  the  funda~ 
pent a la  of  Electromagnetic  Harmonic  Drive  actuators  have  been 
presented,  and  the  various  configurations  have  been  surveyed. 

At,  this  point,  an  intensive  look  will  be  given  to  the  funda¬ 
mental  analysis  of  the  stepping  field  type  oX"  EHD.  device ' .that 
has  been  developed  within  the  contract  as  the  primry  model. 

This  ana.ly.3is  is  correlated  with  the  results  of  the  testing. 
Following  this  section,  the  fundamental  analysis  of  the  Rotating 
Field  Type  la  given  (Section  5),  a  comparison  male  to  competi-1 
tive  devices  (Section  6),  and  some  of  the  design  and  perforraapce 
parameters  generally  common  to  all  EHD  types  are  discussed. 

(Section  7)-  , 

The  foremost  objectives  of  the  analysis  are  expressions  for  out¬ 
put  torque,  inertia  and  hence  power  rate,  which  is  calculated 
from  the  other  two  (Section  2}„ 

The  secondary  objectives  Include  other  significant  characteris¬ 
tics;  i„e.,  maximum  speed,  hence  maximum  power  output]  losses, 
efficiency  and  temperature  rise;  asenlimua  "speed  and  resolution; 
holding  torque;  accuracy  (speed  constancy,  backlash,  etc.);  size 
and  weight]  repeatability,  reliability  and  life.  .7' 

Test  results  are  combined  with  the  analysis  for  reasons  given  in 
the  Introduction. 

Before  starting  the  detailed  analysis  it  will  facilitate  under¬ 
standing  to  describe  the  model. 

4.2  Description 

The  primary  model  is  a  stepping  actuator  that  employe  a  multipli¬ 
city  of  solenoids.  Figure  12  is  an  assembly  drawing  and  Figure 
21  a  photograph  of  its  key  parts.  Figure  20  shows  the  conflate  o 

unit.  The  armature  elements  of  all  solenoids  are  joined  in. a  f lei 
Able  ring  which,  by  it*s  motion,  bears  against  and  deflects  the: 
flax spline.  There  are  l6  "u"  shaped  sleotromagnetio  poles  equally 
spaced  around  the  outside  of  the  armature  ring.  Each  pole  struc- ” 
fcure  has  two  colls  of  70  turns  each,  one  on  each; leg.  It: is  planned 
to  energize  four  poles  at  a  time,  a  pair  of  adjacent  poles  on  • 
each  end  of"  a  diameter,  This  will  create  electromagnetic  flux 
that  crosses  the  air  gap  and  completes  its  path  within  the  arma¬ 
ture  pieces,  there  being  a  closed  path  for  each  pole  (disregard¬ 
ing  leakage  which  will  be  small),  .  These  armature  pieces  represent 
a  significant  part  of  the  design  concept.  They  are  Joined  only 
by  three  flexible  rubber  rods  that  thread  circumferentially 
through  them.  This  allows  them  to  move  radially  without  increas¬ 
ing'  the  required  deflection  force  as  a  more  rigid  ring  would  do'. 
The  reluctance  action  thus  deflects  the  fl exspline  outward  at  two 
diametrically  opposed  areas  Into  contact  with  the  circular  spline. 
Due  to  a  difference  of  two  in  the  number  of  teeth  on  the  mating 
spline,  one  revolution  of  meshing  results  in  a  backward  motion  of 
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the  flexapline  of  two  teeth,  and  with,  .for  example  312  teeth  on 
the  flexapline,.  it  thus  rotates  1/15&  of  a  -revolution.  The  length 
of  the  ••flexsplihfe  integrates  the  hypoeyeloidal  motion.  of  the  indi¬ 
vidual  teeth  into  a  linear  rotary  outj  t,  Because  of  the  relative¬ 
ly  assail  are  length  covered  by  two  adjacent  poles,  it  is  possible 
to  drive  each  to  saturation  without  incurring  severe  shape  distor¬ 
tion.  Shis -results  in  the  tsaxlsm  possible  torque  per  volume  of 
iron  and  thus  this  device  results  in  a  very  high  torque  squared 
to  inertia  (power  rate) value.  Sftia  method. of  coil  energisation 
explains  the  necessity  for  using  digital  circuitry,  and  the. result¬ 
ing  stopping  action.  To  obtain  the  smoothest  possible  output  torque 
without  using  ah. excessive  number  of  poles,  the  analysis"' and  point 
force .  .model  tests  showed  that  16  polos  represented  the' test  approach 
The  number  '.should;  preferably  Tbs  -  a  multiple  of  twd,  ;  tq>  donforM"'Wittt ". 
digital  count  "down  circuits,  which  16  fulfills*  .In.  operation, the 
circuitry. stags  the  field  around.,,  a- single  pole. at  time,. : which 
limits  ;th©-  incremental  Step  to  22-1/8®.;'  even  though  the'; steady  -  >; . 
state  force  acts  over'  -.^5%  ©n  each,  side  of  the  flexspXihe) .  ‘  The  , 
aodel  user  96  pitch  teeth  resulting  in  a  .021"  deflection,  ■'.•'Con- 
sidering  the  leverage,  average  air  gap  at  the  start;-, of  each  arma- 
tore ’a  strok©  is.  about  ,015".  '  •  '  ■  .•  -:.;3>. :  . 


Besides, obtaining  mathematical  expressions,  one  is  interested  in 
.how  power  rate  my  be  optimised  in  regard  to  necessary  constraints, 
practical  limitations,/  fete.  It  is  not  the  pv.vp.om.  of '  this •' section, 
however,  ,  to  ■show  that  power  rate  in  ’general "increases  with,  the;  3 
size./  -.weighty  and  power  rating  of  an •-..actuator. ,. ..;  Mils,  is  covered 
in  Section  10.  The  more  eignifioant/j^roblaB  is  how  .  . to  optimize  , 
power  rate ' fOr  a  particular  size  actuator,  which  must  properly  be 
used  ixv  comparing  against  alternative -types  of  actuators.' ■  . 


The  power  ratb  analysis- is  separated  into  two  parts.  In  the  first’ 
■part;:  analysis  is  conducted  more,  from  a  theor«Uv«l  viewpoint 

from  which  the  ideal  upper  limit  on  performanc©  pan  fee  estimated.  , 
.  It  gives  insight  into  the  fundamental  understanding  of  the  basic 
principles  involved  in  the  device.  The  second  part  presents  the 
variations  'resulting  from  consideration  of  some  of  the  practical 
aspects  of  the  laboratory  model  in  particular,  as  well  as, commer¬ 
cial  models  in  general.  Naturally,  what  aspects  are  the  most  i»-  . 
portaht  for  any  field  application  will’  depend  ph  thfe ,  mture’  of ;  the 
application.";.:-  ,  •••■•  v  '/’/-•  v 


It  is  interesting  feonote  that  different  approaches  are  used  in  the 
two  parts  to  obtain  output  torque.  However,,  both  reside  on  the 
same  fundamentals,  are  valid,  and  give  the  same  result,  .  ,  , 


In  the  first  approach,  the  moan  work- Input  of  all  the  magnets .during 
..one.  output  revolutlorria  calculated.1  Sines  this,;’ adjusted  by.  the. 
torque  efficiency,  is  also  'equal ';i20';;.ffle&h.v«u'tpuib;. torque ■'  time's  one 
revolution,  the  torque- is  easily  calculated.  In  the  second  approach 
there  :la  calculated  the  total  tangential' .  fierce  induced  at  the  ends  ” ... 
of  the  major  axis  due  to  the  various  magh&t  forces.  This  id  trans¬ 
posed  into  output  torque,.  ,Iri  tfeia'  Cis,(S,p, .  the  Instantaneous,  as  well 
&,s  the  sjs&k  torque  ara  Ccbt^ilnsiii  wh'drfess *  in  the.  first  cuss  only 


the  means' torque  vaiue;uj>:^;.;;3^i'|»]|l^ij^d*  /. 

*  '  \  '  ■  , .  .’  ’  ~£j.  "S  -  '  *• .  V. 


Bsjaausa .  of  the  simplifying  aasussp-tipas  that  are  nwasam;  to  per¬ 
mit  a  e ©no is#, 'workable,  mathematical  analysis  to  be' 'made,  there 
ar©  minor  approximations  involved  In  the  approaches,  Th©  mmt 
significant  factors  producing  departure  from  the-  Ideal,  'ease  are* 


-Ana&tur©  movement  during  MW  'build-up 
..-Saturation  limiting 
.  -Fringing 

-Distortion  of  the  moving,  ©embers  frost  the 
ideal  HaMonie  simp® 


4.53.1  Theoretical  Maximum  Power  Bate  '•  , 

Itepause  ofth®'  length'  and  detail .  of  this  'analysis.,  it'-. Is.  presented 
as  part  of  Appendix  yii:.  :  A  summary  of  the  -conclusions  is -.  pre™ 
■•"sented  here.  .>.'■1'.;'- --  ’  '  f’  .f- V c :  -  h •?. .  / .  t. 5'^ "  '  :  ".  " 


•For''-an' actuator  with  fixed  constraints  at,  3$  inch  pf£eh-  diameter, 
100  watts  total  l2fi  power*  loss,  and  6  cubic  inches  volume  per  ©aph 
of  l6.;jsagnet3>  Plus'  others  as, listed  in-  Table  Vill, ;.and -a.  configure 
•felon  given  by  Figure  '28,-  the  saxlnrua  -power- . rote-  that  blight  be -.oh-. 

■ tained  is  2700  kw/soc ,  -  *  Tfela  la  baaed  on  the  most  ideal:-, situation--:  ; 
in  which  the  step®  is  -as-aumed  ideal,  and  armature  movement  during  , 
jaagnatosotive  force  build-up,  flux  fringing  and  saturating  li»»it^ 
lag -is  neglected . 

As.  the  shape  departs  from  th®  ideal  (for  which  rfc  i&  unity}  th@ 
torque  output  can  be  increased  slightly,  hut  th©  inertia  increases  , 
at :  a ...  somewhat  higher  rate,  so  that  taken  .together,  the  power  mfee,7' 
will  decrease  slightly.  The  assumption  that  flux  reaches"- its 
steady  state  value  In  times  short  compared  to  th©  period  of  a  mag™ 
net  oyol©  is  increasingly  Valid  as.  output  speed "approaches  zero. 
Flux  fringing  does  not  constitute  any  large  source  of  erf or  in 
this  ease,  as  the -gaps  ar©  quite  short  compared  to . the  linear  di¬ 
mensions  of  the  pole  face.  However,  this  analysis'  doss  not  pro- 
.vide  for  specific  Isolation- between  the  iron  legs  of -'the.. magnets 
which  can  be  a  sourc;©  of  significant  leakage  and  distortion  of  th® 
flux  -field'.-.  It  is -pointed"  out .  that  if  fchSafaiature.iajel  nations 
-are  made  of  fiat  stock,;  saturation  .limiting  will,  prevent  the  attain 
mdnt  'of  the:  max  ipsa  power  rat© .  It  is  suggested  that '  tapered  or 
.  wedgeshaped  laneimtlons  be  used,  for  which  oa se  the.  maximum  power..-., 
..rate  is.  estimated  &»  1800  kw/sea.  . ,u^-,  -T'"  - ;- 


Empha&is  is  placed  bn  the  . significance  of  the  key  parameter,  width 
of  magnet  amt furs  and  leg  (dimension  b  of  Figure  20}  .  For  the  ; 
mxlmm  power  rate,  -  this  should  be  0.8  inch  in  the-. ideal Tease,  or 
about-  '0i75.  Inch  when  saturation  limiting  and  tapered  armatures  are 
considered .-  . 

Figure. 29  is1 a  very  convenient  graph  of  the  following  three  para¬ 
meters  as  a  function  of  width  b:  . .'  •/ 


-Power  rate  for  the  actuator  -;  V- 

-Magnetomotive  force  for  a  magnet  availatOa  for  the 
'constraints.:  used 

-Output  power. for  th®  actuator  .  - 
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Flexspllnte: 

tBtWWWWWWWWW* 


Magnets: 


Diameter  Dp  «  3-25  'in*. 

b  -  0.8  inch  .  ■ 

Amplitude,  d-  •«•  0.0208;  in. ( 
(Based  on  128  pitch  t<»e^ 


Ratio  Rg  =••  156  (.Based-' on  128  pitch  teeth). 
Torque  Efficiency .-ft^s/'O.SO'  .;.'.'L,  ■  ;  . 


Total  Device: 


Shape  factor  «  1.00 

Number  ■■  •. "  '  "nv?  V-  '  V:l 

Volume ( each)  V  0-\:  . 

Duty  Cycle  "-on  1/4  of'tinie  ■'.  1 

Saturation  flux  density  ^  =  2.0  we bers/ineter 

Minimum  effective  gap  xi  -=  0.006  in. 

Effective  reals tivitiy>  .  including  .  ■■ 

insulation,  »  3. 44x10 -8  ohm; meter, / 

General  configuration" “Bhowi '  in  Fig.  2B 

Density  of  armature  laminations  p  =  0,282 
lb/in.3(  Steel)  .  .  ,r  ;.  : 

I%i  power  -  100  watts 


TABLE  .VI XI  -  MAGNET  DESIGN  ASSUMPTIONS  FOR  THEORETICAL  POWER  RATE 

ANALYSTS  OF  SECTT5N"0i .  3  .TT  "  "T~rTT:-':,  ■  ■;  : 


It.  is  shown  .by.  the  analysis  that  at,  p  ;of  0,8  inch  the  'available 
magnetomotive.-  force  will  produce  "77#  of : saturation  flus:  density  . 
when',  the  aw®, tiara  is  at  the  assumed  a  trusting  position.'  At  '-leSser 
'values'  of  to.,  when  the  ratio  of.  copper  to  iron  »or^ 

aagnfttoaotiye  force-  ia  available,  and  the  flux  density  approaches 
or."  equals  saturation,  for  the  material-.  In  the  analysis.  of  4.3 » 2- 
with  smaller  h,  the  assumption  will  be  mad©  .that'  saturation  .is 
reached  at  the 'start  of -stroke.  ' ■-■  :;':y 

'4.3,  £  ".-  Power  Rate.  A.r& lySIs '  for  Manufactured  Actuators  "V  3 

4»3,2,:1  Torque  --’'In  this  analysis  .'greater  esapbaaie- :is'  placed  on 
approi¥h5s"wm3H"  l'end  'themselves  to. practical  design  and  toku-  ' 
factoring  'as  well 'ad  best  performance ,  Therefore.;-:' sosseWhaiy differ-' 
ent  constraints  arc  Used <, ", .  As-  with  Section  4.3,1',. .-the  , 

■.si  dual  -parameter  is  the  leg  and  armature  width  b„.  •  nowaiVer',  r'£n 
this  analysis  its  determination  is  essentially  the  starting,  point; 
hot ; 'a -more  -freely  selected  valus,.  ■;•; ,  %  •  •>  •'  ■ 

The. 'most  significant.,  constraint  -  is  that  of  limiting  the  torque 
landing  to  values  that  minimize  shape  distortion,  This  has  been 
.■'analyzed,  in  .Section  3 „  ;>.V3 '•  :  4'  ,'  .  ." ' 

Another  constraint  resulted. after  the  basic  design  configuration 
was  ■  'Selected,  .  that;  of  levers  which,  pivot  against  the  flexsplines-. 
Axial  distance,  between,  the  teeth  and  the  air  gaps- increases'  with 

■  '.'b”.. .  %£:  Waarfelt".  that  excessively. .large  air  gaps  would  require, 
vei^rhigh' --fUft-  dUd- .excessive  .flux  fringing  might  occur  as  well.  In 
■regards'.'  to  the  ,sla@,  of  the  non-moving  pax’ts  of:  the  magnet®,  li- 

.  shaped1,,  pole's  and; coils, '  it.  was  riot  felt  important  to  place  a  con- 
-  strain!  op.  this  as  . done  in 'Section  4.3.1,  but  .  rather  to  design  a 
housing  for'  of.  magnet  'necessary  to  work-  with  the  armature 

widthV.And  gap  'sol'eo ted.,  Another ■  ..constraint'  results  from  the  seal- 
oonductore  ubed.'in  tirS;  control  s',  ‘  .'..One  should  consider  their  ratings 
■arid '“design,  for  reliability  .  This;  results  primarily  in  limiting 
ourrenty; which  inraediateiy.  determines  the  number  of  turns.  As  . 
there, in, 'a:  aiaxiMiS!i''ai!iie::Wli*e  that  cah  be  boat  to  fit 'around,  a. 
v.speciMc-  ?alghef‘’4eg4size:>:“  this  greatly  affected  the  size  .of,  the 
■magnet,;:''.,:Th«  'relationship  between  thickness-  and  height:'  of  '  the 
.  coll,  was , based  upon  what  was  considered  good  design  .practice, 

.It  was  not; .felt .  important.; '.to  place  a  firm  constraint  on ■  the  power 
dissipated:  in ' the' 'coil;.; 'as .-'.efficiency  was  hot  the  fundamental  ob"- 
j'ecfive  of  the , prngmm',.  ■:.  {. Indeed- dt.  will  3jje'  ;'shdVm;; that;:  the;, general 

■  iavoi-df.':  efficiency' . It  -many  times  -..higter  than  coffipSmt&w  dS'Mcee: 
..operatlngv’at  .peak  torque),' ;.'  In  regards;  fccij  dissipation,  if. 
iiatural  .eonveative.  cooling  of  the  ■  iabokat pry  model  proved  dnsuffi--;: 
dient" .and::;forded:?air ; was'  required*! thif  was  deemed  acceptable,,  ad 

a  reasonable  degree  of  cooling  can  be  worked  out  In  design 
.refinement;  :  ./■v.f  ■  /"■  •  •  -  "  •  " 

A  final  and  very  significant  reason  for  the  selection  of  0,3  Inch 
for  armature  width  was  that  this  size  waa  readily  available  from 
©took  as  a  standard  size  from  the  supplier  of  the  special  magnet- 
tic.  material  that  was  employed’.  Th*  next  available  size  was  much 


too  large,  Hanufao tare.  of  a  special  sisc  would  have?.  Inoi-ytiutJsi 
pens#  and  delivery  tlsis  "Considerably.  'Hie  leg  siae  of  h  =*  0,5  inch 
used-'- for  ■■• -the  magnetics'  resulted  in  a  moderate  torque  loading,  A 
'3 tftnd'a^<l-'''.8ai3B|oni,c''-. •Driv©  pitch  diameter'  of  S^l/h  was  selected  'as 
being-.  a-iconVebient.  Mze-,  to  assemble  and  work  with  in  line  .with  past 
-Harmonic  Br.ive  experience;*;  Sower  ,  output,  of ,3.QQ;-- watts  was-  also  an. 


comparison/ 

Ki  are;  shown; in'  Sable  vDC; ; :  vi/f  ^  i--  v 

In  order  to- obtain  the  f  rn  (p«h*k.  -torque)  values. ' ir*  the  table,  the 
average ':vaine,%  ms  doubled,  based  on  the  reasonably  .accurate 


long  life'  rating  'for  ball  bearing  supported  types; 

Shorter  life  .rating.  In  such  designs  may  be  greater  than  this.w  The 
EHD-3  experimental  model  (b  •»  6,5")  in  operation, showed  correct 
•’dynamic  operation  and  no  early  flexspllne  failure's-;-  .  Also-,  dis- 
assembly  after  several  hours  of  operation  die closed  no-  evidence'  of 
wear.  However,  until  such  time,  as  life,  toots  arc, ru$i,  -no  conoid" 
slows  on  the  safe  design  value  of  Ki  oan'  be  reached,  v ! 

The  overall  evaluation  of  these  points  resulted  In’  the  selection-'-'"'; 
of  a  single-step,  16  magnet  configuration.  The  number  -16  Is  also  - 
a  preferred  number  for  electrical  reasons,  being  & "power  of  two 
and  convenient  for  .'Logic  circuitry; 

In  Section  4,3,1  it  was  indicated  that  power  r&'te  ia-  not  seriously 
reduced  when  the  flexsplitte  Shapfc,  distorts,;.  ;^tre.f^,'.'.ia.."the . cal? 
culation  of  torque,  the  assumption  of  an  Ideal  harmonic  shape  will 
be  made,  as  this  greatly  simplifies  the  analysis.  From  Section  3 
torque  is  calculated  from  the  expression.,,  ;  ••". 


Tm  =  8%Dp^>y  sfift,  2.<f 


The  factors  %,  6  and  7)r  will  be -discussed --In- that  opder, ’ 

is  the  total  force,  re  erred',  to.  the  .tooth. -plana,,  produced  by 
one  magnet.  '  /  5,  V;  J'/y-j., 

To  find  the  value  of  for  this  model  consider'  hOw this i.'ls  rela¬ 
ted  to  the  forces  produced  at  the  two  air  gaps  par -magnet.  •  . 

The  expression  relating  the  magnetic  force  Fq,  produced  at  each, 
air  gap  of  a  "tr"  shape  magnet  in  relation  to  the  properties  of 
the. -magnetic  field  1ft  fr^o  Append^,  W 

;.K-,  - ■  .  .  ; ;  B:..-..  - .  (4-2) 


%  * 


/ffiwf  Aia* 


where  th^-aasiunptions,.  are  made  that .is  cons bant  over  the  pole., 
face,  aa  whiivas  'over /the"  worki«^:;et-rpk'!a:|'''AQ'.f:iS'--the  true:  area  of 
the  pole  face  Ml  fcipXild5'% /the  stacking  ■  factor  ;'(.hbre  ..%  ) ;  and  " 
that  fringing  is  nogliglbie,  a  reasonable  assumption  when  the  gap 
is  of  the  order  of,  l/soth  of  a  linear  dimension  of  - the  pole  face. . 
Equation  4-2  in  hnned  the  Pnnuwption  that  armature  movement- la- 
negligible  during  the -flux  build-up  time.  As  Justification"  of 

6l  ,’...• 


TORQTJE-LO.ADING  CONSTANT  K:l 


TABLE  XX  •»  TORQUE  AND  TQRQU'E-LOADXHQ  CONSTANT  FOR 


Steady  state  torque  load,  Tj, 

Tim  ™  OlSO^'V-;-  -  V' '  :  V ' 


Pliix  TIse.  time  neglected. 


S :-  ■  • '  ■'  •. . 

I'  ;,  '  ;;  ’  ,  -^  •....■  '  '/ 

■"  .. :■.  “ 

f. ’. 'V-' 

s  ..■  •■■■■  '  ..* 

I"  ;  ■ 

.  '•  • , 

this  for  the  EH&-3  consider  Figure  30#  the  typical  single -step 
(s?.«jj|-j#lemsig},  motion  of  -the  device,  As  pm s'ition  is  -equal  to 

the  second  Integral  of  acceleration  or  output .  torque  -divided  by 
inertia#.^  the  motion  must  follow  the  approximate  path  shown*  Shis' 
appreciation  -Sfa  trite  even  if  the  torque'  ve«-  -motion  relationship 
is  hot  linear,  aa  for  the  simplified  fora-  shown  hero,  v  Even  if  tl 
appro&ohe.s  one  half  of  tp#'  'is. .'snail  compared  to-%»  (less •'*. 

than  ■■&$*) .  In  the  ersperlmsahs’tp  ha's  b^®»  :  roughly  .'measured  as-  ti 
order  of. .1-' '.to-  2-  saiiHiecouds  and  ty' Ida's.  I t i • 


It"'  is .  readily  -Shan-  froia'  the  asagnetie .  force;  '-formula--'  that  for  &  ■  •» 
given dRfiifi..  pfyafmature  j material#'.;  the  greatest' ■■, forqe  resalt®,  .with 
the  '‘highest;  value  of  ,-/3  :>  'Siaqe;  torque  .  is  px^porfcioiiotd  force#- 
highest.: jtowdySrate  results.,  f ho 
jr  a  special  search  was '  made  tp 

'capable  of  verjf  high  satto^tiOn'- levels',  with. ' satisfactory  -&0«jha|ii-'  ••" 
'Oal...propertie»"for'  Me'  as'  thetiOUOr  awe* tore  ©lemants  .of  'tfe©  d©:”  '■  ■ 


tJosjp&hy The *  following  average, ^saturation.  fiax-density  is'  th.W' A': 

obtainable;  : "'.V..  ;  V  '■"  -  -.  '  •  ~  J  "  Y  .  <'■:" 

The  ■  supplier'  revised;  .the  use  of  the  material  .'inUhia1  ^application '■ 
.and -  believes  that  at  least  2.2  W/fsj'2  ahouM  definitely  be  obtainH 
.able,  .if  not  2.4,  permit-  comparison,  with- -the--’ thepretie'&i'  values 
of* Section  4.3>i,  the" aaiae  value  of  •  ;  '•;•  v-:.-'r>;  .1.. , 

Y'-’/Y'-.':.'.--;;-’ •  i  ,  •  -./ .  .,^vi ;2»0  '■-C';-'V Y,  '  (4  -4) 

will 'be  used,  initially.  Later  the  effect  of  an  increased  :$■.  ^111 
'be  presented,  -  '  '  ..."  .,  '■;.  -  i:' ■'..■■■ 

The--  arba  Aq  is  d#t®rmln@d  as  followss,  •"'  -.-  ./"'■■■■  Yv  l.  Y;,  Y,  YY; 

Ail  the  iron  should  be  laminated -to  miniylse  tor®  losses,  and  a. ' 
normal,  stacking  factor  of  ;  -  t'. -■  ; .  Y  -  -i  •  -.Yw-YYi-rY’  Y  Y-,’. . Y  1.  ‘  :  .V 

yyy^yyyyyyyh-:^ .  V:'-. .  . yyyy y  y  y  {%~5) . . 

•will --be  •  employed,  for"  the  yoke,  when  insulated  and  bonded  together, 

If  wedge  »shaped  laminations  are '.Used  for  the  armature#  the  -same 
factors  can- -be  applied  to  them;  .if  flat  laminations.-  are  used, 
which  is  .preferable  from  a  manufacturing  cost  and  .-time-  viewpoint#.-', 
because  the/artpature '  laminations  are  radially -  disposed  their.  .:. 
stacking :■  .factor  must  be  considered  differently..  -  The -device  is 
assembled  suoh  that  all  these  laminations  essentially  .touch'  at-  -\. 
their  Inside  .'diameter ,  At  their  outside  diameter  'adjacent  to'  the 
air  gap# '-the'  stacking  factor  from  'Figure  31  is-  given  by 


'  ■  ■ FLUX  '  • 
jUttgUF 


FLUX  AT 
SATURATE 


FLUX  DECAY 
AND  OFF 
PBHGD  . 


Jr..  .  <•• 


nkkt'St6p— #-- 


Vf~ 

.  V  ,  was* 


/  0  jj 


■'■■  •■•'  -  •  :i  i  ■  f:,:: 


•i fp  rim^c 


/  ,:v  ..  .  - 


.  •  ■:f;'  time 

^  I  .  %J  >  .Output  position  ''  P:v:': 

•'■>•  I  j  '  DMS  =*  Single  Step  ;  •  ;  ■ 

V|  ~  Time  for  one  Step 

V  "p  “■■  .-Frequency  of  Stepping  pulo 
:  v.  .  Tj.  Teak  output  torque 


FIGURE-  30  TOPICAL  SINGLE  STEP  NON-SLEWING  MOTION  AND 

OUTPUT  TORQUE  OP  MODEL  EHD»3  WITH  NEGLIGIBLE-. 
STEADY  TORQUE  LOADING  •' 


-TACKING  FACTOR,  S 


FIGURE  31  MODEL . EUG-3'  ARMATURE  END  VIEW  AND 
•■■>. STACKING  FACTOR  .  '  ,  '  V; 


So  for  the  dimensions  uhosen  for  the  model 

s-a  -  0,69  4  (4-7)  ■ 

However,:  alnee  the  ring. of  armature  l&mlmtion® .  is  continuous , '• ; 
there  Wiil'-  actually  be; some  fringing  to  the  located '  . 

between  jsegpaetS;,  slsieh  e&h  t®  looked  upon  as  increasing  .,„th©  effeo-. 
tl  ve  ’’ stacking  factor .  It  hats  been  decided  that  for good  mgne' tie. 
design  practice  a  spacing  of  approximately  ’  -  '  ' 


a  '  ».  1/4  inch 


(4-8) 


should  he-" left  'between  the  iron: of  the  magenta,  -at... their  closest: 
points;  which  is  at. the  air  gap.  M  all  of  this- space  .irero  *utia.i85.e4 
by,  wringing'  ;flujc, ,  .the  '■■increase'  -in  utilisation  would  be  ’given  by  \  -  - 
the  factor  ..'•"  *  ......  ■  •.•'.  1  ■>■. 


.  ...■■  •  ".  '  •'..-.  ■  •  ■  ■  w  X‘r.A  irnt.  V 


(4-9) 


for  .16 '.magnets.  as,  has  been  selected  for  the  optimum  'configuration, 
Ihe/produot ,.df 'Sg  and  Ux-.i®  ;  •  . 

; 3;  ;  34  *  sgi*.]  - 1.14  *■’  '•  -  <4^:10) 


Bine©  this,  product  .of  two  separately  derived  factors  is  greater 
than  "unity,  which  it  obviously  cannot  exceed, .  it  is  .'reasoned  that  •'. 
use  of  .the  sane.  Si  stacking  -  factor  :©f  0.90'  sight  he  used  for.  cal-;,  »• 
oulafeions  with-- the'  laminations  as- well.-  The  problem  is  "that 'the  ■  1. 
fringing  .lowers  the  flux' density  in  the  'working'  gap,.- thus  . lower-  ■ 
ing-the  magiwfti'0’"for'cd.  As  a  compromise  solution  to  this  compile  a™ 
•ted  ’interrelationship '  a  "stacking  .^factor-  of 


-•  ..t'  s.5  *  0,80 


(4-1  li  ¬ 


the  mean  of  Sj-  and  Sgj  will  be  used  .and  .the-  assumption  of  ho 

fringihg;madf^:lvi-:;;;;,;  t  \  t;-. . 

Also/  because  of  th®  magnet  ’Clearance  space/  the  tangent iai di--  , 
meneioh : of ' &■•  jaagpet  pole  face  .is  established  ae 

;■  i w  ■>*£*•*'•  -r  ..0*4  ih  a8-  !ofl  *•.  10  *  rc  ,  (4*12) 


Vfoj* ,'l6.'poieay.:: V  •/ \-'VV  •---''•:  v.  . 

\Th\m  'pole.-.. area- &q  is' ;  dote mined  as  ■ 

t- ".  aq  «  s^W’®  o. i6inrf : « .1 .03  x  it"'#-:,;:  (4>i5) 
Hence,,  from  ;  equation  4-2  •  , 

'  •  -  Pn  «  165'n.  »  3T.iha,  '  :(4-i4) 


To  obtain  the  resultant  force  proceed  S.^  .:t/X*t3  0,1  vtlvt?  V.I* 

Pm  by  the  magnetic  forces?  noting  in  emb air  gap  of.  the  magnet, 
considering  that  they  transit  their  formas  -through  the  afseaitures 
acting  as  rigid  level's,  take 


+ 


,)  % 


She  %a  factors  are  found  f rom-l?.igure  9  -&f 

r  .1-  . 

( inboard  ?t,a;p) .  y  :  3.3  ”•• :  1  *  32 

-  •  '  «•.  . '  -•*' 

Y  <■■  -%ta?  {outboard  &ap)  ■'■®.-4&|'  «  X,T2 

....  .  ■•■  .  .  .:.-.  ’.'V  .1  :. .  5.5  :•  -i.  ..-,' 


{4^15} 

{ 

(4 -if) 


Fm  la  therefore 

.. .  Y.  %  «  3.04. Fq>  5OGrt^:iO0  ibs.:  ;  Y;:/.--  .-•  ■  (4~18)  ■ 

.Next  consider  the  powj&r  .angle  ' -«f  ,  As  discussed:  in  ’Sadtioa  3j-  the 
study  of  force  distribution  on  the  'flpxsplin©  showed  that  ss  the 
power  angle,  -.increases,  so  also  does  .torque  up  to  d:  «=.  45° , -..  but  the 
resultant  radial  fore©  aotifjg  at  the  ssajor  axis  to  keep  the  teeth',-, 
engaged. deereas es,  .  $h©  limiting  -angle. -.at-  which  tooth  engagement 
is  ’.just"  maintained,  as  shown  'before#  depends  on  many  things,  sow-; 
of  which  are  very  hard  to  assess, '  if  the  flexsplirie  has"  the  ideal 
harmonic  shape  and  tooth  frictional  fortes, ' inertial  force  and.de.f-- 
flection  force  are  neglected,  the  limiting  angle'' depends-'  on  only 
the  pressure  angle  '. 

4-  arc-hMv  ~ — J — ±~  :/  . ..."  (4^X9) 

toeing  the  pressure  angle  and  the  limiting .-pbrcr  angle. 

It  is  .'seen  that-  the.  lower,' the  'pressure'  angle  the' large 'is  d’Wv  ,  . 
and  hence:  torque  output,  :  As  a  -practical  matter, •  a  value  for.-  ■§&;  -.  - 
.of  -2O0  was  selected,"  which  experiment,  hah  shown  'to,, .he  success.”  ■-■ 
ful  for- the  8HP-3.  For. this  pressure- angle,  the ' expression  for'--'".'  •' 
'F*g,  1%,  and  Fyi  are  plotted  in  Figure  ,32. •  as  a  function  of  .Gy.  “Khese 
'■' curves-  are  obtained  by  numerical'  evaluation  at  incremental •"cha'h&©& ' 
in  ©,-•-  lit'  order-  to  carry  out  the -analysis,,  it '  is  ..-useful'  to;  express 
JPf,-  ,Fr  and  as  a  function  -of''©  and.  normalised  to.  Fn>  ..-'.'Also,  the-'-.. 
. curves; -. are" -repetitive  every  due  .  to  the  '1.6- magnets*  '-'-Re"- 

f erring. . t d. •  Figure  32,'.  it  Is  seen,  that  for  dr*  «*  '22-?  1/2°. 


:  (l?Fi-Fi|)/%,  =»  :X?3“Qi9. ; »:.-0v4.'>:  Vr'"" ' 

(4-2 0} 

which  is,  an  expression  of  the  safety  'margin  by  -which  the;.- teeth 
are  maintained- in  contact.  Also,  it.  is  seen  that-  the  -limiting 
angle  '-for.  which  equation  -'4 -SO  'equals  aero.-  is  approximately 

'  <f**  *  27°  .-  - .  ’•-• 

{  4”>2l) 

which  would  represent  the  start  of  the  step, 
of  a  step  .. 

At  the  completion 

<f  *  27°  -  22-§n  .«  44° 

hf 

(4-22) 

total  l* 

about 


the  Minimum  value  of  &g/$fa  at  she  anti  of  a  step  would  fee 


«■  Os  4 


( 4<*83) 


flie  value  of.  rfm  then-  depends  ©a  whether  os?  not  there.  exists  a  •-. 
steady  .torque  -  loading.  If"  there  is  none,  the  power  angle  varies-  ■ 
•between'  0  m%4  22|r  each  step,  IT 'there  is,  -  the  power  angle  epe*~-'  , ' 
'"a tea  between  the .  angle ' '-required  to  pr-mhx&e  a  torque,  equal  to  ••the 
steady  ,  load  and  .28-^  .ahead'  of  that,  Should,.  it  to®  shorn'  fey  ex-  * 
peri&vttt.  with  &  double  .step  that;  the,,  teeth  are  maintained  in  en«;  ' 
'gagaswmt  during.,  the  critical  beginning'  transient  .part  'of '  the  step', 
due.  to  the  pi.toh'  ’line"  overlap  and -inertial  ef  feats-,- '  then  for  . 
aero  steady--  torque  load  would,  fee  "45°.  Values  -  of  .performance  based 
on  this  double- step.- are  calculated  as  well  &a  for  the-  mop©  eon- 
. servative  single  step,-.  •-  ,'y;  -  •  '..  , ,  .  .- . ..>•••; 

Hexto  is  considered  torque  . efficiency  fh is  factor"  has  >aft  ■.  1  ■  .'  ;■■.  • 

average  .value  of  80  to  90$  for  conventional  Harmonic  Drive  units;--!  * 1  -• 
with  normal  'ratios  (around  3.00s  I)  based  on  1/3  to.  full  'rated  load., 
and  above,  {It  is'  less,  at  lower  load)  *  ■Kotjfever , .  the '  great  eat".. 
•source  of  the  'frictional' -loss'  la  the  wave  generator  bail '  bearing-,  • 

The  elimination  of  this  -'major.  pounce  tends  to  increase"  v? .'*p. 
.Counteracting  this, '  however," .-are  other,  sources  of.  friction. added:  j 
when  electromagnetic  'deflection  is  -used.  $h©se  are? 


"•Greater.  tooth  losses  -  to' the  extent  that  the  shape, 
la  distorted  -  and  abnormal  pitch'  line  overlapping  - 
-  occur;®,  ■ 

-Sliding,  friction  of  the.-,  aroature  laminations  against' " 
each  other,  the  '.flexspline,  and'  the  fulcrum, 

-Impact:  of  the  [armature  laminations  against  the  magnet 
pole  -  faces-. 


Also, .-  da  the  step  is  made,-  the  torque  falls  so  that  over'  part  of 
todoh'  step -torque  will,  be  small  oojaparad  to  rating.  k»  an.  over-;: ». 
all  Judgement,  a  value  of  ?••-  •  .,•:•/  .  '  .  ..,  -'  .,'» 


0,8.  . ',..  (4VS3a  )■-■" 

will  b©  selected, . .  Stole  received  a -fair-  degree..'  of- -.substantiation  ■.■. 
by  -the  -push  rod  model-  teats  { see'.  Section  3) .  ',- .-i 

Kquatlon.-t-l  can  now  be  applied  to  -convert  the . calculated  'value#  ' 
■to  torque  for  the  ‘3-1/4 lash ysisse.-  model  unit. '  For  16 . pole©  energised 
four  at  a  time,.,  figure.  32  gives  the  values  of 

-  JCp  «  £  Sftv.  cl'  ©p  ”.  .'  {4«gM 

■  '  ieo9'  ... "  .“  '  '.-.'„  y  .  ..  " 

.  ..  . 

■JC»  *»  2^  cos  €  01.  (4«g5) 

-  -  .  ■•".  .  ~5  i  &o°  "..  ■-.-  -.. 
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‘X 


as  a  function  of  the  power  angle  6  .  ... 

The  resulting  torque  values  are'  given  in  Table  X, 


Oharae teris  ties 

T  a-in 

rSTTiu 

Steady  torque  load  Tj,  ■ 

.  ’0. 

0 

v  11 

...  '  100 

■  chn  {.  degrees  )  .  ... 

-r--r*«C;  - 

22i 

27. 

■  -  27  ■ 

Kgji.- d£mens  ionles  & ) 

a.  5 : 

2,5 

2.7 

:  a.? 

Peak  torque  .%v  ,  \-  -•• 

'  7 to 

.  89 

.  790, N. 

Minimum  torque  Tmi"p 

0 

•>' '.'0.  h 

11 

.100  3 

Mean  torque  %..  .  .' 

42  -> 

'  370  \ 

50 

44G::: 

TABLE  X.'  -  TORQUE  VALUES  WITH 

SINGLE.  STEP  ...OPERATION 

Again  referring  to  Figure 
•  numerical  average  ..because 
curve..  - 

3'2i 

of 

the  m^an;  torque  la  taken  as  the  •  '«•  . 
the-  .approximate  linear -a  lope  to  the  •• 

If.  the  actuator  should  be 
would  .result:- 

operated  with  a  double 

-step:. 

there... 

Characteristics' 

n--m 

lb. in. 

Steady  torque  load  Tg 

0. 

-  o 

6n\  (degrees)  -  :  ' 

‘i 

45 

..••  45  ■ 

Kgm  (diwanslonless) 

3«6  .: 

3.S  ■ 

Peak  Torque  ■  ' 

.  120  ' 

1100  ■ 

■  ■  .. . ... . 

■  Minimum  Torque  Tffl^  rv 

•  ”  • 

\'o ., 

/  •  ..y,  - 

■  ..  0  '  .. 

v  .  Mean ■  Torque  : rJ^  hi :  -. 

»  .  SO  V 

;:q  550  ;.. ,' 

TABLE.  XI.  TORQUE  VALUES  WITH.  KQUBLE  STEP. -.OPERATION  \  Q"  ..  ' 

"In?  this'  base  Figure  32  would.  indicate'  that  Tk"  is  more  than  the  Vr, 
.arithmetical . average1'. of  ^"and  .TminEh^t  this  average  is  used,  here; 
t,6  be,  conservative  aS'.wbli  aa.  f.or  sirriplifioa’t-ton.  .. 

-"•If.  sa'fcnrdt'idn  flux  density  attains- the  average  level"  character- 
Istlo  ;qf .  variadivp  permendurj  ..these  values  of.  torque  would-  he  -  in,- 
creased  b igni f idantly .  For' example »  at- q.2  w/« »2  torque  would 
be  121#  and  power  rate  would  be  1 46$.  of • that  based  on  the  above 
torques,  This  -  value  of  0  will  be  vised  from  now  on. 
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S » 3  ♦  g » g.  Ingr t is  ~  Based  on  the  formulas  derived  in  Section  3,6 
and  Appendix  v$7  the  following  inertia  Is  calculated  for  the  cor 
structed-  model,  Based  on  harmonic  motion,  for  the  armatures 

Ja  :s  ^.  r^a%2  s"  S9  *  kg-»2  (4-86) 

For  the  hawjbnla  motion  of  the  flexapline,  based  on-  the  tooth 
beds  •  ;i-  .-.,  ■ 


o 

«  ,*>X,A  'fi..*' 

’  Hi 


A  <1  /“.i**  % 


slicing  the- total  -bed- -Volume  at 

■  V  -  %,{,030")  tt  Dp  *0  0.ig5«»^«-8  X  10"6  m3  .>  ;  ."  (4-28) 


Hence 


jj?  .  ■  •** .  0.66  x  10 "4  -kg-m* 


{  4-29) 


.which,  is  negligible- due  to. its'  email  was.  • 

Mi©  inertia  of  th©- shell  of  the  'flexapline  rotating  with  out™ : 
put  speed. is  .  '  -  ..  . 


J«i  “  t 


■+{'la-H)wfllVl^fnp| 2  -  1.0  x  I0r*4  'lcg-ta2(4-30) 
J  *  St  1  /  ;  ‘ 


She  inertia  of  the  output  .shaft  "is. 

J&2  "  7T  J!:.  *  0,2  X  XO"4  kg~ra2 


Hence  .■• 


•J»l'  •f.  Jsg  •-"* 1,5?  x.  1C)"4  leg-si® 


(4-3,1) 


(4-32) 


When  ,  the  inertia .  .of  ■: the diaphragm*-  -  the  fulcrum  and  the  clamping 
ring,  and  hardware  holding  ••  .the ...  fulcrum.,  • '  f  lexeplt ne .  and -.shaft 
together  are  considered,  the  above  might  be  increased'  somewhat . ' 
but. -it  Is  still  quite-'insignifioant,':'.  ; 3  '■.  .  V; 

When:,  the^araature  elements  rotate  at  output,  speed, 

Jr  v.  m  2%  x  10" 4  kg~ir2  .  ,  .'•„.  .-•  .  (4-33) 

tPhe" .total  is  thus ;  '•  ’ ;  ..  ./ 

,4hi  ”  t  $'f\f  Jfj  +  Jr  »■  .1 .2.  x.  ,.10“2  kg-aj2-  ■  ■  (4-34) 


(4-34) 


For  leas  than  full  speed  rotation  of  the 
total  inertia  1©? 

armature  cl- 

ament 

a  the 

Half  speed:  UMp  » 

**  l,0xl0“2  : 

& 

kg«m  ;• 

(4-35) 

Zero  speed:  »  Jjj  -  Jr  *= 

0.9  X  10 “2 

kg-®® 

(4-36) 

4.3. 2.;)  ' Power  Rate , Calculations  -  Table 

lEIon®”* 6IH®Sw^*rSler“T5Ki  va lues  for  the. 

XH  presents 
ease .of  the 

the- evalua- 
distorted 

'Shape  are  ■no.t.preswiwd,  As  discussed  earlier,  both  inertia  and 
torque ^increase  and  so  power  rate  would  not  decrease .significant! 

4,3. 2:4  ■  Experimental  Calculations  of  Torque,  ■ -Jnsrtia  and  Power 
.  .Rate  >  Staple  measurements  of  torque . were' made  ana. in... 
general  conffmed  the.  anticipated  values.  However ,  It  was  in-- 
floated  that  at  stall  the'  maximum  power,  angle  6m may  he  consider¬ 
ably  greater.'  than  the  value .  of  27°  given  earlier  as  a  safe  work¬ 
ing  limit,  .  It  had  heart  anticipated” that  •%  at  6  •*»  27°  would  toe  . 
about  <jOO  .lb, la,  and  require  about  15-  amperes.  per  u&gtistt  ■  tol  that 
if  d  went  to  the  value  of  45°,  Tm  would  -be.  a  bout  1050  lb  .-la.  The 
static  teste  (pee. Figure  33)  ©how  Tw  of  about  1350  lb, in,  atI5 
amperes  per  -magnet.  .  However,  it  was  discovered,  in  the  stable 
torque  test  that  the  different  sets  of  magnets  differ  quite  wider'  ' 
ly  in  the  maximum  torque  produced  by'  them,  the  curve  of  Figure  33'. 
being'  based  on  a  very  good'  set.  This  is  believed  duo  to  fit-up 
' variations  that  affect  the  air  gaps,  which  is  mostly  correctable, 
with  more  elaborate,  tooling.  Appendix  VIII  covers  the  static 
•torque  tests.  ■ 

Thts  difference  In  <$ m  is  considered  duo  to, either  or  both  of  two 
effects;  ■  ■ ; 

•  1.  .  is .  greater  than  the  2.2  w/m5*  'value,  used. 

{indeed .  2,4  w/nv-  la.  considered  -a  good  average 
Value  for  the  material} « 

■  2,  There  is  some  shape  -'distortion  that  increases 
'••the  /.torque  produced  -'.by.,  the-' magnetic-  -forces. 

To  be  on • the  conservative  side'  the  previously  selected  values  of 
torque  based' on  .'^r*  of-  2.2  w/m?  will. -  continue '  to  'be  used.  It"  was 
.decided  .that-  $he '.difficulties  associated  -  with  using  a  dynastic  ..-•-. 
torque  pickup  for  measuring-  operating  torque  outweighed  the  advan¬ 
tages  to  be  gained.  .  '  ;  -  :  >'/■■;"•■’  .\ '.:  .  “•  '  -. 

Consider' next' methods  of  measuring  inertia,  There  appear  to  be 
several  method©,  some  -more  exact  but  correspondingly  more  compli¬ 
cated,.  One  was  -selected,,  based  oh '  assuming  a  sinusoidal  wave 
form,  and  'is-,  covered.  In  detail , in  Appendix '  VI ,  The  result  was 
reasonably  olose  to  the  prediction  /considering  that  the  'basic  . 
measurements  obtainable  with  the  equipment  used  were  limited -in 
accuracy,  -  ..."  ■- 

Another  ‘method  of  measuring  power  rat t*  directly  is  to  measure  the 
time  constant  'when  the  actuator  is  loaded  by  a -known  inertial  load- 
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(4.50-  lb. in.  } 

'  3 

73  n-m 
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220  kW/see . 

-310  kw/seo, . 

440  kw/sac , 
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260  kw/cee. 

38O  kw/soe. 

5.40  kw/aeo.  - 

p 

« at 

/  J»3 

MM«nnwin«im> 

280  kw/see. 

410.  kw/1  b©c  * 

590  kw/^ec. .  ..  •  . 

’SWIM  -XII  TORQUE,  TORQU3E-LOA&1N0  CONSTANT/  AND  BOWER  MT&,.  MODEL 

mw- 3,  showing  effect- orTsTEB  size  and. symm-miATB  load. 


Based  on  Section  4,3.2  Analysis-,  b  «■  0,5  inch. 

■  Assumptions:  /?m  ®  2.2  weber's/m2 

■  y?T  -  0.8 

■  us - 1.6,  '  .■-■■  : 

Flux  rice  time  neglected 

■  ••  -m  1,3’x  10”^  kg -m® 

■  JM  » '1.0  x  1Q~2  •  kg-ma  . 

D.W'x  10-2  kg.m£ 
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First  the  load  requir  esaent  is  calculated  as 

*  4* 

K  «  (Jl%  +  %)%  (4-37) 

or-  -for  the  ease  where  *  o. 

In  general  it  is  known  (Section  2)  that  to-  drive  a  particular 
load  the  ■  minim®  actuator  power  rate  required'  must-  he  -four 
times  the  lOiatl  requirement  . 

hi  •  “,  % '  -  ;«'lV  '  :.  "  (4-38) 

How,  consider'  the  simplifying  assumption  that  'the  response  is 
sinusoidal  (see  discussion  of  inertia  measurements.-  in -'Appendix  ' 
VI,  also  Figure  30).,  Then:  , 

9m  »  (2  7T*f)s  ©Ms  sin  2  irft  (:4r39) 

1,  (2  irf)2  9Mb  ■  p.  (4*4o) 


f  is  .the  inverse  of  .a  period-,  which  -is  taken  as  four  times'  the' 
step  response  time,  t». 


f  *•  -1-"'  ops  (4-41) 

'  4ta 

''  o%  ■-  (2  rr  f )  2qMs  *  f  jjrl  %  \  \ ;  . .  ( 4-4g). 

'  2tg  /  ■■"  - 


but  QMb  «.  ,00252  rad.  •  •  /  ,  (4-43): 

.  9Mm.  f-  '  .0062/ts2  .  -).  ,  ..  (4-44) 


It  will  be  assumed, ,  further,--'  that  the  average  aoeeleratioii ’  . 
during  the  step  la  0.7  of  the  -maximum'  of  - : 


'«  0 . 7  (  ,0062) 

For  the  test  on  the  model 


0.10  kg-- Hi 


Hence s 

%  -  MjBj2S1L 

...  -  t? 


7.4  x-lQTft  < 

75  "v1- 


(4-47) 


The  approx value  of  ts  Measured  mai 
ta  *%■  ,.002  sec 


(4-48) 


f M 


A 6p  kw/see 


The  fact,  that  Pm  varies  Inversely. as  .the.  fourth. '-power  of  ktaiedst 
tM©  approach  of  limited  value,  for . other'  than.,  .general'  confirma¬ 
tion  of  the  magnitude,  which  ..it  does  .do,  r  •  - 

4.3. £>5  Dynamic . frerf brwande ,  ■  Speed  and' Power  Output  -  'Figure  34 
shows  'the  mo3ei  iiylhS  iia¥“s?aSS"lEih  the” aS^w'i'il'iie-.lnerfcia . 
ioaS,  attached,  Figure  '35'’  shows  it  attached'  to.  the  magnetic  parr" 
tide  clutch  load.  Figure- -36  shows  the  '..potentiometer  .output 
.position  transducer.  Model  EHD~3> .wired. to  step,  one  magnet  for 
each  Input  step  .( single  step  .mode},, '  -was - . operated  --as  follows  * 

Table-  XIII.  shows  -results  of '  constant  spaed  operation,  'fable  ' 

X2V  summarizes  the-  frequency  response  test  results,  detailed'- 
•  in  Table  .XV  and  Figures  37 »  38  and  39*  "-.••■ 


Load  Test 

’**^**'■*0'*'*™  'H.-ZX.IKTtT’r'- - >-^™**u* 

Tl  »  196  lb-in 

..  -  J 


2' 


L 

?L 

1 

e  ' 


«  '•  0,1;  kg -nr 
«*  iS. 5. rpm,  no  slip 
«*  60  amps " tofeal(l5/magnet) 
~  30  v/  peak  .  . 


Both  prbyldeci  by  Vickers 
Type  6-2  ~6 ...  Magneclutoh 
and  coupling 


High  Speed  Test  Conditions;  Tr,  ~  0,  3^  »'  Q 


-Output  Speed- 

Total 

'Inhaturi 

Steps 

If  no 

Slip 

Current 

.  rotation 

Direction* 

Per  Sec 

Slip  Measured 

amps 

•»# . 

COW 

800 

19.2  17.8 

7.3 

'  60 

I-  .  CW  "  , 

730 

17.6  16.6 

5,7 

_ 2^_ 

•;  i.o  '■■ 

*  Viewing  load  (magnet)  end  •. 

^*Ratio  of  armature  average  rotation  speed  to  output,  shaft  speed- 
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FIGURE  35  MODEL  EHD-3  ATTACHED  TO  'MAGNETIC  PARTICLE 
CLUTCH  LOAD  ■  ■ 
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TABLE  XIV  -  FtOPEL  .BHD"  3  ffl 


RESPONSE'  SUMMARY 


Table  XIII  indicates  that  the  arm  turn's  prefers: nos  t© : rotate  OW: 
but  not  COW -"reduces  the  allowable  speed,  '"■■■'.  ■' 

With  the  loading  equipment  utilised  (magnetic  clutch) ■it.-  was  hot  ” 
possible  to  apply  a  .large  torque  load  without-  also  applying,  a  si m- 
abia  Inertia/  so  power  output  was.  not  measured  directly,  I&  future 
work/ ' special  prony  brakes,  of  low  inertia  might  be  employed  to 
measure  'power  for 'short  instances .  if  care  is  given  to  prevent  - 
overheating., 

With  ’tiaw.-varylng  inputs  •{  Table  -XIV)  peak' -input  voltage  was .' Varied- - 
because  •  of  the  loading  on  the '"audio  oscillator,,  yoltage  -wae  con¬ 
verted  to  theoretical  peak  output  speed  without  attenuation...  .'Peak 
•output,  amplitude  was  measured  With  a  film-type,  potentiometer.  This  „ 
was  converted  to  peak  speed  by  multiplying  by-  the  frequency .  The 
ratio  of  output  to  input  represented  the  gain.,  and  comparison  -of 
input  and.  output  waves  on  the ' dual  trace  oscilloscope  represented', 
the  phase  shift.  Current  was- . varied  somewhat.  It  was  seen,  that 
the  value,  of  inertial  lead  had  no ..-effect'  upon. the  frequency  .re*- 
sponsor. ;  It  should  be  pointed  out  that  since" the  'potentiometer;  . 
measures  output,  position  this  ''automatically" produces  90°  of  .phases 
shift.,  from  the  input  signal,  ■  Thus .  the  -measured  phase  shift '.is  re-, 
dittoed  by.-  90°'  to  obtain  that  -  due  to  the  .actuator/  'Phase’  shift '.we.©:" 
about.  50°.  at  :S0  ops  in  all  :  oases  /  and -  about  80®.,- at  30  ops  for  the  : 
the  square  ways.  *.  Although  the.- capability  of  responding  to  these 
high  input  frequencies  was  demonstrated.,  doubt  must  be  raised  about 
the  validity  of’,  the  'phase  shift  data’,:  .'The  measured  break-'  frequency 
of  around'  2,0,-. ops  results  in  an  actuator  time- constant  Tfi  of  a-.. * 
"round  *008.  Pec.  which  is :  far-below.  the  IHU’a  .inherent  -  -  capability  > 
as  the.  *rH  of  . ©D037-  obtained  in  Section  6  would  -indicate/  -  The 
actual  :.lpi  Is- believed,  to  be  -much  lower.  This,  is  born©  out  .  by  the 
.transient  performance/  .Whefe.  step  time  was  roughly  measured  by  a 
limited  sensitivity*  potentiometer  method,  as  of  the  order  of 
,001/tb.  .002  seconds  .  , 
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CALIBRATION 

Vertical  ■  -■  ;• 

Top  trace  (input):  10  volta/cm 

Bottom  trace  (output):  Given  beneath  each -photograph 
Horizontal . 

All  trace a:  Time  base,  corresponds  to  frequency  given. 

Each  square  As  one  centimeter  on  a  side.' 

Motes-.  Phase  ,  shift  is  the  displacement  between  input  and 
output  trade  peaks,-  lose  90°  '  re  suit  i  fig  frOfn  the  integration 
of;  the  position  feedback  transducer.  , 


FIGURE. 39'  SQUARE  WAVE  FREQUBNGl.  RgSPOhSE, ,  EHD-3;  >  0 

i'  Top  Trace  -  signal  voltage’'  to  the . analog.' to  '. 

V ■  digital  converter  "(input-}  «•  •  • 

v  Bottom  '"Trace  ~  Potentiometer,  signal  (output). 


Closed  Loop  Operation 


The  actuator  was  connected  into,  a  closed  loop  of  the  constant- 
rate,  bistable  type  (also  known  as  a  "bang  bang”  servo.,  dis¬ 
cussed  further  in  Section  12} .  The  .feedback  potentiometer 
was  summed  against  a  command  potentiometer  in  a  mi c r  opo a  1. f- .ton¬ 
er  which  responded  to  the  polarity  of  the  error  to  select 
either  a  positive  -03?  negative  constant-voltage  input,  This 
system  eliminates  the. deadband  at  null  and'  is -very  effective, 
accurate,  easy,  to  apply  and •  'Inexpensive .  Xt  was.  used  to 
demonstrate  the  response  to  manually-applied  step  inputs.  It 


permitted  the  device  to  wake  single  stops  and  was  need  for 
the  resolution  teats  (covered  In  Section  4, 6)„.  : 

4,4.  Electrical  Controls 


At  the  start  of  the  program  it  was .honed  .that  any  actuator  de-- 
..'velop.ed  could  be  run  directly  from -a.  ^00.  cycle  power '  source 
normally  available  in  aircraft  type  systems'.  It  'became  apparent 
through  analysis/  however,  that  .a  stepping  actuator  was  going 
to  provide  the  greatest  versatility  and  performance.  Further 
analysis  indicated  that-'  direct  use  of  400  cycle  power  with  m  . 
series  of  silicon  controlled  rectifier®  as  power  gating 
•switches  would  seriously  limit  the  high  speed  performance  of 
the  unit.  This  cornea  about  because  proper  .shape  progression 
in  the  mechanical  motion  of  the  flexible  member  is  best  pro¬ 
duced  by  overlapping  of  on-time  in. adjacent  poles,  .  For  thio 
overlap  to  occur,  several  full  cycles  of  400  cycle  power  must 
be  switched  to  each  pole.  The  analysis  had  indicated  that  the 
..  time  'necessary  to  turn,  on  a  pole  and  have  it  complete  its  use¬ 
ful  motion,  could  be  a®  short  as  .001  seconds.  Two  full  cycles 
at  .400  ops  corresponds  to  ,005.  seconds.  .  Further  delays,  could 
Increase  this  time  since  switching  may  not  always  occur  at  a  . 
aero  crossing  of  the.  -.alternating  supply.  . 

A  further  limitation  for  the  400  cycle-  type. ’drive-  system  is,,: 
the  actual  rate  of  rise  -of  the  sinusoidal  voltage,/  (dv/df) . 

The  speed  of  response  is  directly  related  to  the  application 
of  this  voltage  to  a  pole,  and  greater  dv/dt  produces  faster 
response.  Obviously,  'for  equal  peak  voltages,  -a  -transistor- 
" switch  and  a.  D-C  power .supply  can  give  the  greatest  dv/dt  when 
, operated  in  a  .cut-off  to  saturation  type  mode, 

it  was  then  decided  .to  use  a  )>>-C  power  supply  and  power  transis- 
.-  tors  to  sidestep  the  response  problem  generated  by.'  use  of  the  - . 
400  ops  system.  This'  has  worked  out  well.  Tests  show  that 
current  rise  time  fop. a  single  pole  can  be  less  than  .002 
seconds.  Limitations  on  driving  the  poles  at  higher  than  100 
eps  are.  primarily,  caused  by  .the  -  transistor.  Voltage  -rating 
chosen  for  this  design.  -Continuing  improvements  la.  transia- 
tor1  technology  will  undoubtedly  increase  this  barrier . 
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The  decision  to  go  to  a  D-C  supply  over  a  400  ops  A-G  supply  was 
the  first  major  decision  in  the  control  circuitry  ares,  This 
involved  a  conflict  with  the  objectives  of  the  contract*  How¬ 
ever,  because  of  the  greater  capability  of  the  actuator  that 
resulted,  this  appears  to  have  been  warranted.  It  la  always 
possible  to  relax  response  capability  and  run  the  actuator  from 
a  400  eps  line  iff  debased  desirable,  (Obviously  400  ops  could  be 
used!  instead  of  .60  ops  for  powering  the  DC  supply,  60  ope  was 
used  to  save  the  expense  of  obtaining  a  higher  power  400  ops 
generator  than  was  available),  it  was  felt  that  at  this  stage  off 
development,  the  actuator,  itself  should  be  the  limiting  feature: 
and.  not  the  power  supply  or.  control  circuitry. 


After  the  power  supply  was  constructed  and  treats  started,  even 
though  current  rise  time  was  excellent  (of  the  order  off  .001  to 
.002  seconds)  it  was  realized  that  a  constant  current  D-G  power  ■ 
supply  would,  provide  oven  faster  electrical  response.  This  modi¬ 
fication,  .not  at  all '  difficult,  should  be  considered'  early  In 
any  future  work.  It. is  discussed  further  in  Section  4.5  follow- 
ing,  However,  the  control  circuitry  would  operate  essentially- 
as  .well  with  either  type  of  D~C •  power ..  supply  and  . doe©  not  impose 
any  limitations,  on  the  actuator  other  than  the  component  ratings. 

The  actuator  is  basically  a  digital  device.  To  properly  check  " 
out  its  performance-  a  very  simple  analog  to  'digital  circuit  was', 
constructed;.  In  actual  use  the  capability  of  the  unit  should 
obviously  not  be  limited  by  character! sties  of  the  analog  to  digi¬ 
tal  converter  if  they  can  be  improved.  Tine  one  used  for  the 
model  was  made  in  the  laboratory.  Is  simple  and  inexpensive,  but 
relatively  crude.  Commercial  types  are  available-  and -.future  units 
should  include  one  of  the  more  accurate  vanities. 

To  make  use  off  commercially  available  transistor- circuits  a  num¬ 
ber  off  compromises  were  made  with  regard  to  .power  supplies. 
Presently  there  are  three  separate  supplies  to  operate  the  logic- 
circuits  that  do  the  .switching,  and.  one  power  supply  to  operate  .- 
the  power  output  "stage.  It  is  a  very  simple,  task  to  incorporate  - 
all  off  these  into'  one/ compact’  power  pack',  for  -a" packaged  unit  .for 
use  in  field  applications.  ..." 

In  similar  fashion'  the  logic  circuits  themselves  could -be  greatly 
.Reduced  In -  size  and  packaged  specifically?  £or  the'-  actuator  open--, 
atloh.  Presently,  many  off  the  logic  'circuit  boards  are  only 
partially  used..  This  was  done  to'  allow  '.the'  use  off  the  -  Inexpensive 
module®  that  were  chosen,  .  ....  v  ...  .- 

The  design  approach  taken  was  that  the  control-  circuit  should  not 
limit  the  basic  capability  of  the’ actuator.  Furthermore  it  waa 
■felt  that  the  electronics .  should,  be  as  inexpensive-  as  possible  to  , 
allow  greater. -funds,  to  b©  •  expended  on  th©  -  actuator  ..itself.  The 
control  Electronics  that  were  'put  .'together,  for  'this 'application. 
have  not  -placed:  a. -basic  limitation  on  the  unit,  yet.  'are  versatile 
enough-  to  -  accomodate  a  -.wide  variety  of  -pole  configurations  and 
pole. 'winding  'characteristics .-  Although 'a-  great  (amount  off  analysis 
had:  gone  -into  the  design  -  of  the  unit  ,  indicating1  modest  peak  volt  -  • 
ages,  there  Was  eurne  doubt  about  the  actual  voltage,  level  and  coil 
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winding  --'pequ:irei»ent&,  because  of  the  non-linear  magnetic  circuit 
and  the  interaction  of  the  Harmonic  Drive  motion-  referred  'back 
to  the  magnetic  circuit-.,  Therefore  the  main  power  supply,  was 
designed  to • accommodate  a  wide  variation  of  possible  voltages  and 
currents.  The  original  analysis  turned  out  to  be  correct. -  The 
non-linearities  ware  not,  too  severe  and  the  actuator  operated  at 
the  voltage  and  current" levels  that  were  predicted.  The  versatil¬ 
ity  built  into  the  electronics  cost  very  little  more  and  provided 
..s' .margin  for  error.  It  is 'very  costly  to  have  to make  'major  , 
"adjustments  at  the  end  of  a  manufacturing  .phase -to  match  component s 
at ' 'their -interfaces*  .  ;  •  ■"  -  .  — i.  -,  -  -  ■ 


•With’  regard:  to  the  -magnet  poles’ >  they  were  first •  .’wound,  with ■■‘JO. 
turns -per  leg  of  #18  wire, .  An  ■  excessively;’  long  ’electrical  time 
constant  -was  the  only  difficulty  -enoburitoredy, ; To -overcome  this  - 
problem. most  expedltlouslyy  without  having  to  rewind  the  coils,  a 
one  (1)  ohm,’- •  25~w<ett  resistor  was  -placed-  in  . series’  with  .each  coil- 
pair «  .”■  This  -decreased-  the  eiectrical  time  constant-  (L/H)  by  about 
iO;  All 'tests  included. -the  use  of  this' resistor.-.  -'Any  future 
model  would,  have' the  electrical  design  changed,  to,  eliminate  It,. 

This  .modification  is  an, .example  of  a  quick? .inexpensive'  means. .’of 
’matching  sit.  an  interface..  ,.’  ^  ■-i.-’- 

One  other  '.merit-  of  a  -  transistorized  digital'-’  control  actuator  over';-’’ 
a  proportional,  control-' actuator  is-  the  significant. reduction  in 
power  cbasumptlbn,  - ;- .  In  -the  proportional  control  unit  the  power, 
.'amplifier .-plus . aotuator -power  .consumption  is. -almost  -constant ’ With” 
varying  load  and. speed.  ..In  the  digital  control,  unit  the  driving 
•trihsi store  are  "either-  .-at  cut-off  .  or  saturation  and  dissipate 
-relatively,  ’-little'  .power,  while  ..the  main  power  .  supply  can  be  con¬ 
trolled  to  limit  the-  power  to  the  actuator  with-:  relatively  lower 
over-air. losses.-'  .  ;  -V’’  -: ' .- .  . -.JV'  •„  ’ .-;  ..  i 

Technical  assistance  on  the  use  of  the  digital  logic  circuits"  waa 
provided  by  Tech  JSepv  Inc,  of  Beltsville,  Maryland.  Basic  circuit 
operations  and-  techniques  were  developed  by  United.  The  final.:  • 
circuit  configuration  and  implementation  was  a.  joint 'venture  to 
.make  use  of  their  particular  form  of  circuit  modules The  re¬ 
production  of  their  circuit  diagrams  in  .this. "report -is. -with’  their 
permission. and  their  cooperation  la  acknowledged  and  greatly  -  -  - 
appreciated.  ’*.-V*-' ;v  ,r ’  .’  - 

It  was’  decided  early  in  the  program-  that  -no-  'master  .what. -.type  of  -  - 
actuator  was .  developed  the .  electronic  circuitry  necasOafy .  to ",.i 
.  opara-ti  it  isuccessfully  would  be  -rather  routine,  in  nature.  ,,  This:!,.’,- 
philoaopy  was  followed  throughout'!’  -At  each- stag® ;  In  the  develop-- 
.aent  of  the  actuator  a  brief  look  at  possible  .control  circuits 
was  undertaken.  M’tsr  the  over-all  ■-.d'esi^ywab  .'’aeoaptdd  and  work,.; 
started  in  man'ufdcturing,..  t  jrrfe  was  than ’e'xp.pnddd '  to  develop  the’ .. - 
necessary  control  ’circuits.  The  major.-* "fiequirerndn^;  pi  abed  '-on.  .f’ 
these  circuits  was  that:  they  would  not -  limit  -the  aotu**  ,  .; 
afcor<s  .  capabilities  in  any.  way.,.  Wow  that  the.: testing  of  the 


op 


unit  has  bean  accomplished  it;  appears  that  ,  the  input,  logic  and 

■&»  .■<,!«}  4  v*-:  ~»i  «  >5  ■4m**  P3  ,i  ,v»  n.  i.  «v.  .w.  ,n  ^  «  .OS*  «■  ^  .»-,  A,»..  ...  ...  #  r  *■  *’  >*> 

G.u  uV4ai/S  uw?>  awwdi  tn?iny  cia  .v  t»  i/.tjts  tio.1.  p.^riOrili" 

anoe.  It  is.  considered  important  to  emphasise  that  little  attempt 
was  wade  to  design  circuits  specifically  for  this  application, 
and  no  attempt  ms  made  to  package  the  circuits  for  minimum  sil.ae 
and  weight,.  Pictures  showing  the  power  supplies  and  logic  cir¬ 
cuits  are  apt  to  be  deceiving  unless  this  point  is  brought  put, 

She  pictures  do  not  give  any -reasonable  basis  -  for-  judgement,  as-- 
to  what  the  final  .component  package  size  wight  be- if  a  conoerted 
effort  fps*-.  optimization'  and  miniaturization  were  undertaken.  Any 
.specific  application  retires  .tailoring  o  t  the  control  functions 
to  iSfSpt  that  application,  ■  '35,' erefore  each  application  might  re*.- 
quire  ■3BpdljTioa.tio.ns 'of  the  oontx*ol  circuits  to  varying  degrees." 
-Any  time  thus,  spent  in  optimization  and  miniaturization  'at  "this 
stag®  of  "development.  is  not  .warranted; .  Because  -of  •the-'versaiii'i*' 
,'ty.ofrfcfia  actuator  a -dumber  of  different  control  circuits  oduld 
-.:b®  ■■uis.ftd.  ,1b  'Will  require  an  investigation  of  the '•proposed-  appll-  • 
'cation  to  determine  which  type  ,  of  ..control  circuit- is ' best  suited 
to 'do  the  ^Ob.  •■ 


actuator  -hfesessi bated,  the  •' development  of  an' '’.electronically 
-  .controlled,',  balanced,  rotating  ..magnetic-  force,  field.  This  field 
had  to  act  in  an  outward  radial  direction. .  The  force  couple  .is 
.mated  with  Harmonic  Drive  -  speed  •  .reduce?,*  techniques-  ®s  explained 
in  Section  3.  A  series  of  sixteen  "0"  shaped  magnet- poles,  was 
.  located  In.  a  circular  oonfigura  t  Ion.' .  (.See'  Figure  is)' Those  poles - 
.had  to  be  actuated  in  such -a  -manner  that. not  only  were  opposite 
poles  energized,  but  adjacent  -  poles;  were  overlapped,--  with- -the- 
.  overlap  -time .-dependent  .on  -  input  signal,  me  pole  -switching- "se¬ 
quence  also  was  to.  be  capable of  being  reversed,'-. 

Input ■ power •  available  was  3  .phase,  either  60  or  400  ops, - 115  volts 
line  to "neutral.  Control  signals  -for- the  device  "were’ analog  -in . 
nature  with  "polarity  .•sensing-  necessary,  -to  .control  the  -direction 
of  rotation  hf  the  magnetic  .field.  ...  .. 

T'h©  following  "discussion  of the  electronics  is,  best  Understood--- 
■by  -referring  to  Figure  40. .  A  simple  analog  to  digital  circuit 
Consisting  of  complementary  NPH-PNF-  transistors  -.connected  in 

*  '■ 

turn 

.  ,  .......  ..  -  ... — -  ....... —  de~  . 

■  VOlopod  -  drive  a  uhrae  .stage,  up-down ...  counter. chain  i  i>eV  divide 
by  8*  .The  up-down  counters:  'are  ilxter-confteotted  to -a- -series  of 
eight  .-■  And  •  gates  to  develop  eight  sequential  - . signal '. paths-  (0 
-through  ?}.-  These  signal  paths  are  -connected  to  eischt - f Il»-f ] 


rr  -  -w  g|»  uv  ■  signal, 

turn-off  is  accomplished  by  connecting,  through  a' series'  of  "Or" 
gates  to.  ..the  pole  two.  steps-  behind,  in-  time,  independent  of  the 
direction  of  rotation  of .the  sequence.  Thus,  for  pole  4  being 
turned  on  by  And  gate  4,  -this  signal  would  also  turn,  -off  pole 
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2  or  6  depending  on  which  one  was  on.  The  "Or"  gate  merely  pre¬ 
vents  false  signal  paths  inadvertently  turning  on  ocher  poles  by 
insufficient  isolation  of  turn-on  mvl  turn-off  functions,- 

Figure®  42.  through  49  show  the  circuit,  schematics ,  Figure  50 
shows  a  figure  of  a  typical  "SMLgifeit"  logic  circuit  card, 

hisftitofl  tests  with  this  system  In  conjunction  with  the  constant 
voltage  power  supply  resulted  -  in  stable  operation  out.- to  fre¬ 
quencies'  greater  than  30  ops*  for  both  sine  and  oq®ms  wave  In¬ 
puts  >  with  end  without  load,  inertia*  Actual  measurcioohta  on 
■  individual  poles  indicated,  aoduraite  response  with-peak  sp©edB.-.ef 


Indicates  even  higher  stepping  ..rates-  can  be  achieved.  With  m 
individual 'step  for.  each  -pulse'  'developed .  by  .the  analog  circuit 
’the  actuator  is  a-  very:  .precise  stepping  unit*  ".-©ver shoot  for  each 


eps » 


oulfcry  ..and  their'  power  supplies*.  16  .1-ote  -resistor  bank,  -and 
the-  min  power.' supply,  Figured-'  52 -'-and-  53 '  show  front  and, -rear 
detail"  views '.of  -  just  the  input*  logic  ‘and  switch  'circuitry  and 
.  their.  'petes*'.  supplies . ••: •  Figure  54.  shows-  the  main  .-power  -supply  in 
detail*  ,  v.  v --V  ..  - 
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'4.5:.  Discussion: •- of .'  Maximum  Speed  and  Response. 

if  was ' ’ree.dgni.2ed -early  in  the  '-pi«>ject  that  limits  on  maximum' 
output  speed  would  result  ;froa. .'various  factors*  partially  in- 
trodUoed  in  the -last  .’section*  .  ...  >  •  /  ''.i --'  v' 

!a)  Dynamics  of  the  .flexible  .'member  and  attached'  armature '-mass:, 
b)  Voltage  capabilities  of  - -semiconductors,  v-:  -.  -  .-;//•  *  .• .:  ’  - 

a) '  JMjp a  required  to  magnetize  the  circuit.'  'r .-' 

For  a  stepping  deviod;,  there  is  a  close  ..connection  -  between  maxi- 
' mum -  speed- '(stepping  'rate) , and  -transient  response*  -.which- -is  it-  .... 
self  closely ' ..related. -fd  'frequency,  response*;;;  '.  1..  <y. 

Xi&m  (a)  includes  two  ©ffoetsl..  First*  if  the  mtmdi  'Smqmnay 
is  exceeded  by  the  applied  frequency,  the  deflection  changes  - 
direction  and  diminishes  rapidly  in  Magnitude  for  th©  Same  im¬ 
pressed  deflection  force,  .there  being  a  phase  shift,  approaching' . 
I800j •  thus*  to  achieve  the.  proper  deflection*  progressively, 
•larger  fore ss  are  required  as  the'-. frequency  increase#. Opera-  '■ 
tioh  at  the  .natural  frequency  'may  'represent  an  efficient -condi¬ 
tion/  but  the  rapid  .'changes' in  phase ;  shift  as  .it  Is  approached 

,S  -n,iAAUAk1'W  nr  <»  'J  *4*  ’  4  T  4  m.  rx  f*  Iri  .  V%r3»  V\  1G1  4*.V> 


dlcats-j  that  ^.without  armature  mass,  hat.urai,;f;r“equ4h0y:  ■:%$".  -.around 
500  ops,  and  that'  armature  mss  reduced  this"  by-- two! or'; 'more*  -  fA:-y 
value  of  about  300  -<jps.;.. is  "estimated  *-'..whioh;.  corresponds.  speed 


hf*  ■  -  ■v*v^vj 


lines  the  minimum'  speeds'  :in  'tost;  were  bly 

88 


OUTPUT  RESTORED 
to  mu.  ids  in  wm 
VOLT AM 


IRDUT  OUTPUT  INPUT  OUTPUT  INPUT 


'  FIGURE  4.1.  MGim  CWOW,.  ■ 

T; ■  MOBEI.  EHD-3  ■  '  . 

Data  hereon  Is  .propMgtar'y  and  'shall,  hot  W  disclosed 
used*  bV:  duplicated*  for  procurement  or  manufacturing 
purposes  -.without  written  permission  of  feoh  gerv,  Inc 


1/ 


ABO  Ji'JM  3  ST  VO  -  IPV  0"? 


90 


CONNECTIONS  FOR  5  INPUT  OATS 

AC-$ 


,’NOHMAI/  C0NFISMR&TI 

fx.  •  ■■  ■  - 


INPOT . 
tNpyf.  .O— 


t  n  *»««W;W«  j*oMr 

!•' 

r^:;T  •■-• 

..  -  .  -r 

'  '  S  '.■■>■."  (for*# 

few 

J  * 

l«i.M 


INPUT  L~. 

OUTPUT  CD  V3'K<£rt?#)3**ttreYl!3  :■  Tl'.kAttl.i 


TCc'iM'i'»'>w>Vun.i;tf<OTM.-u/WkUJiwi;ru-4A 


•I8V<3)- 


3.&K 


r 


a.$K. 


620 

3.9  K 


2N414 


CT  -  W 


3.9K 

IUmWIji 

^2N4I4 


<©'  V  <§>  <i>  eg;  d 

.  INPUT  INPUT  INPUT ,  .  OUTPUT.  OUTPUT .  INPUT  .  INPUT 

F.TSURB  43  AO-3'  OIODB  "AND*  GATE.  DIGITAL  CCMFOM&nV 
,  .  :  MODEL  EHD«3  .,  ■ 


Lata  hereon  is  proprietary  and  shall  not  be  dlsoloaed,- 
uaecl*  or  ..duplicated, .  for  procurement  or  manufacturing  • 
purposes  without  written  permission  of  Tech  S®ry>  Ino, 


RESET 

INF U T  J 

.  Y*“vj 

OUTPUT  CSV- 

>.IWW»: 

OUTPUT  <?) 


1_TL_ 


C.^vAMnu»  Si-  'MMttWa 


t_t~i 


'y 

T  OPERATION  ... 


LEVEL  OPERATION 

~  n  n  n 

fiy  \>WK>»'«rJU  KtuimJ 


OUTPUT 

INPUT 
input  ■ 

OUTPUT 

OUTPUT 


|v  PULSE  OPERATION 


IIWlWI*>-.w  »IMK 


©  1- 


note ' .  ,  fT*is\ ■  .operation  ■;■  ■'.'"••  '•■ 


INPUT;  TO  PiM§'$AN02  MUST  Sf  CAP-  - 
AC  WO  8  -  COUPLED  {  AS  FROM  ASr  2 J.THfB 
,  SAME  RE0umEME«T  'EXmTS'-F0R:RES6T 
.PULSES  ONf  PIN  8,  ,  •  .: 


-f2V.{ 


;$ao 


3.9  « 


3.9K 


t"" 


Ax2N4i4  'r>>C-  '/ 


GJ’O  - 

MW wae*  uww.nwi*,^. 


-  :.  t 


*5,  IK 


■■  ®  ■„  .•  J& 

■ 

V'W 

_  1...T.: 

trt 

L 

008  MF  : 

t. 

r;-A  f  ^  ....  i,;- 

;T  |pfr“  -:..;fs.iK  . 
±.♦00.8  }Jf 


OUTPUT  . 

v:0..  •'•  -r 


&w»n- 


DIRECT  DIRECT 
SET  RESET 


.58/ 

DIODE 

RESET 


FIGURE  '’{4  PF-.1  FLIP-FLOP  DIGITAL" COMPONENT. 

MODEL  EHD-3  „ 


©-.  • 

OUTPUT 

r 


f?S  hf!e°n  vf  pf6Pri^taJ?y  9-haU  not  be  disolosed, 
™wnA««  uuplicafced,^  for  procurement  or  manufacturing 
purpose*.  without  written  permission  of  Teeh  Serv,  Inc, 


92 


$ 


Data  hereon  Is  proprietary  and  shall  not  he  disclosed, 
used,  or  duplicated,  for  procurement ; or  manufacturing 
purposes  without  written  permission  of  f«ch  Serv,  luo. 
■ 


93 
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It  is  believed  that  nautral  frequency  was 


As  discussed  in  Section  4  * 


«  an  ouu^n,  If  the  EHD-3  «»re  stepped  two  nagnete 
at  a  time,  output  speed  would  double  for  constant  input  imaueuay. 
Sis  might  be  possible  If,  due  to  tooth  friction _or „dynBwlo(eff«oU 


ale  -  a1 


-'a  . .  , 

.ppronched  4 


the  teeth-  remained  engaged  When  the.  power 

xhs  baok»emf  voltage  that  the  power  stags  semiconductors-  -work 
against  increases  with  input  frequency.  Wish  the  &>u>~3 
this  was  purposely  lin'd, ted  t/O  800  ops  where  peak  voltage . was  ^ 
about  60  volts,  even  though  the  power-. .translators  .are  rated  for  .,. 
.100  Volts.,  -v  ...  ;  '  y'--J'. 

Magnetisation  time,  o*  the  time  required  to, reach  op eratinjs ; 'flu£ 

■ 'density, ■: ..involves  the  complications  that  §r±S®  In  the  study, of  .  . 
the  dynamics  of-eie'ctromagnttic/  devices.  The  poww  supply  ojguj?: 
•ideally  have  a  .constant,  current  characterlstlo,^  ..J&en, 
follow  the-lnsorbssed  currents,-  'To  w  extent  -vhe- feMvro-.* 

■■  *-  Kin  bft-a •  corresponding -"de*  • 


the  gap  a?  the  -point  of  peak  WW,  a  certain  flux  density  v  , 

•>nd  for  the  power  angle  corresponding-,  to  this  gap,  certain  toiftio 
is  produced,'-  which-  begins  to  accelerate  the  total  inertia^  tr^, 
initial  position ,  response  following  that  of  JJ^H3°J^/L^f;v--. 
commanded  speed • lb  relatively  low,  and,  inertia  nigh,  .f  lut  density 
increases'  rapidly  as  power,  single.,  decreases-  but  .little,'  .and  ,®s  ...;: 
large' .torque"' is  produced,  .  ■--■.■■  >  .  , 

if  the  .inertia -is -low,  acceleration  is  greater:  ao  that  .the'  gap  .;.-;  .;; 
i arid"  the  -  r.eiuotance  -decreases  faster,  TOils  repul-ts  .„n  £  -  :  '.  ..O;', 

..increase. -of  flux  density  toward  •  saturation  ;but , -ftlso .  •  .a  iaat.«ry.,.-_. . • 

'. decrease'.' in  power  angle  so  , that  torque  produced  -  may  be  loss,  _ 

For  in-between  values  of  inertia,  the  rates-  pi  -reluctance  and 
power  "angle  change  ,are  counterbalancing.  •  ;.  .  .  ■;’i 

As '  the commanded  speed  increases,  the  condition,  is .  ■ 
wherein  the-  MMF.  at  that  point  falls  .(gradually  with-  the t Kb  lJP*> 
step-wise  with  SF.  type)  before;,,  the  device  has  -  dam 
movement,  power  angle  exceeds  itT»  safe  value,  and  tooth  .d.ls- 
engagement  •  occurs.^'  Obviously,  this,  limiting  speed  decreases  .aft.  > 
load  inertia-;  is  increased  and  acceleration  decreased.  •.  c_. , .;  ,  •  ' 

With'  an  essentially  Constant,  voltage  supply .(high  £/$  ratio) _ 

'which  ttertairted-  to- the- models,  .flux'  .density  is  proportion®.!  •• 
the.  time  integral  of  the  'impressed  voltage  (Faraday*®. haw),  and 
the  maximum  power  .angle  will  increase' with  cornpsM  frequency, 
thereby  establishing  .a.,  limit  upon  speed* , ;  '  .  .-  .  -  "  " 

as*”oppoeed  to  Figure  .6?  which  .repre- 
'  sonts  ‘‘slew1’  opop&t&on  (discussed  In  ^wfciori: .;,Ly>^«X}  •  "  •  %  •• 

10? 


As  a  result  of  these  interrelationships ,  smasuraasistB  of  response 
time  for  current  are  not  considered  no  .A-Oei-n^  &.ci 

density  which  would  Indidate  the  force,  torque,  and  motion,  !Ehe 
difficulties  involved  in  measuring  the  Aytirni '  flux • and  torque 
were  'not  considered- justified -.  A -series  of  current  and  voltage 
dynamic  measureimants'  were-,  taken  -for.  the  BHB-3,  •  showing  about  .001 
to  .002  seconds  to  the  end. of  armature  movement  and  ,002  to  ,004- 
seconds. 'total  -rise  time,  for  two  different  peak  voltage  inputs,- 
30  and  13  respectively  (Figure  55 %•  ... 


XEhis  be&ria  out  Faraday's  'haw,  and  indicates- further. 


the 


load,  i  SsSa’vjJcX  (  0  *  X  ■  TiY  } ,  plus  ths  spa,-;.;!  (* 

that  .the  step. -was.  Completed  before  flux  -  saturation  !.was  reached . '  ■•’.. 
An  alternate  possibility,  is  that  .the  reluctance  is  lower,  than  -p” 
exported  ,4«d.  saturation  is  reached-  at  .only  partial. .'current -Botii. 
.of ;  the. \ above  - ef foe tfi  may  he  acting  togoth^r^  '  -  '  .,...-, ;v". 

:®h0;  time  ‘  to  move  the  armature. "gives  insight!  into  .the  'potential';’'" ;. 
g, lew-speed  capability  of  the  device,; ..if- Ah.$%  dynamics 
-•.If;  ope  considers  that  the  working  stroke  ilife,  tpyopuid:  '|:&8fj';..aS  ’ 
.-'long  ao:  half,  the  time  between  steps,  ts/4,  then',  referring  ip  ":  P 
'  Figure.'-  3$>  ;)and/  based ---upon,. .  ’.....  ~.V..  l- s"'  /  V-  :=.  77. 

.  ;  tp  >  3.4.  x  IQ"4 


t 

and.,.';-- 


a. 


-.sec  ( From  Appendix 
V  4  tg  *'• 1,35  x  10 "3;  soc  '■ ; 


(4-31) 


-•  '..•  ©„  “■«  '1 


2/.r  ~  "K  __  7.4  rad/seo  »  70  rpiir 


•SRgts. 


4,6  '  -Other  Characteristics  ■  .  ’'I ....  ;/4  43 ;Vf  X 

4,6.1  Resolution  and  Minimum  Speed  • ,  . 

The  model,  when  stepped,  one  magnet  at'  a -time has  a  -resolution 


=5'  1 

,nMhg 


..  4  x-  10 .  rev  8 .7,  minutes  of  -  arc  -  .  -  4- 53); 


Over ’-a  aeries  of  steps’’  the.  average  variation  was  measured  .-as 
.about  t  10%.  It  was  operated  at  a  fairly  smooth,  .continuous  '• . 
average  speed  of  about  i/10  rpm  .(4  steps/Seo) .  HoWbVerj  it"  -' 


•the*  controls.  No  attempt  was  made  to -obtain,  an  unusually'  'lov? 
.average  speed.  ■  '  .  '  7;  'V , ; '  f . -  .  •  4,3\;- 

4,6 , 8,  „ Holding  -Torque  ..  .  v  • 

With  no  input;  currant-  the  holding  torque  due  to  residual'  magnetism 
is  negligible. .  ".With  steady  state  coil  .current  the  stall  torque 
obtained,  as  a -function  of  ourrent,- is -given  in  Figure  33*  ®ls.  , 


103 


mmSmaxsmB 

l.lv  v  *'i  ■*'  ' 


StSSSSit 


Ybifage  c«iibrotj<Sf»  2Q,v/c» 


Vohaeja  calibration  50  v/em 

*  «  15—20  ••':••  ;--- 


pss 


Voltage  call brotion  20  v/qvi 


Volf  ago  calibration  10  v/cm 

"  1S--2G  .  ' 


FIGURE  *55  MAGNET  COIL  VOLTAOS  AND  OUtoENT  WAVE' 
.  ■  FORMS,  EHD-3 

'::>  Speed  =  ?,S  I’p®  . 

••  .;  •  Top  ■ trace -voltage  (calibration  varies 
•  given  above) 

Bottom  trace -current  { 10  aispa/era) 


r»An-r»«aenta  a  weil-allcned  set  of  waguets,  the  result  a  for  other 
combinations  ar»  lower.  <  Estimator!  to  vary  by  255*»*  See  Appendix 


,  o .  ,-i 


SaeiQu&h 


Measured  backlash  was  negligible,  net •measurable,  employing  a 
small  torque  reversal  and  a  dial  indicator* 

4.6,4  Size  and  Weight 

The  weight  of  the'  research  -model  actuator  is  22  . las.  ;  The  housing 
is  an  aluminum  easting. 

4,6*5  Efficiency, XBases,  Temperatures  .Eise.  v--'; 

Stepping  devices  and  indeed  servo  'motors  in  general  are  not  , 
characterised  by  high- efficiency.  ®heir  accelerating  capability 
and,  for  stepping  devices,  stepping  rate'  versus  load  inertia,  ••; 
being  more  significant.  Nevertheless,  the  efficiency  of  the  ; 
model  is  very  good,  surpassing  competitive  types.  The  possible  '.' 
power'  losses  in  the  actuator*  itself,  excludijng.-'the ■  .external  con--,-" 
troi '.circuitry,  result  from  the.  IgR  loss  in  the  coils,  hysteresis 

•  and  '••eddy  "Current"  lasses-.'  3?M  material  .us.ed  ..hap;  hysterepis  proper*- 
ties  Which  are  generally  equivalent  to  that-  of  regular  electrical 

•  steel t'  ®<i  for  a  tractive  ■  Magnet  this  pan. -be  neglected  relative' to 

the  '1%  'loss.,  ■  By  thcbuse  of  laminations  in  air  of  the  iron  paths, 
the*  eddy  current  loss-  was  made  "negligible'  a-l.shp.  Tu-VV 

The"  flnS-i  '.. configuration;-  of  the"  model,  .placing -the  magnets  out-  ••  •*:. 
board  of  the  flexspline,  was  priraarTXy  selected  in  order' to  eUmi:* 
nate  having  a  -'section  of i the  f'lexapline  transverse , to"  the.  flux*;-":'.'' 
This  would  -have  constituted  a  shorted- turn  and- incurred  a  high. 
eddy  current  losh.  This  would  also  contribute  a.  . sisieable  time ■: /■" 
delay,  limiting:  the  maximum  speed  capability.  ■•• \  X-i 

The:  1%  loss  is  given  by  ■  '  ;/i'.  -.u/-'  '/".-h 

...  -4.  d  >  V'f :  -'-x: 


where  yG, 


the  loss  in  one  eoll,  Is 


(.4-55) 


since,  neglecting  transient  effects',. 'four  magnets  ' composed- of-  tvfo 
coils  .each  are  concurrently  energised,.. .  • 

Before  specifying  current,  it  is  necessary  to  calculat'd  the  re¬ 
quired  MMF,  Consider  the  magnet  at  the  start  of  its  excitation.' 
The  MMP  required  is  essentially  dependent  on  the  reluctance  of 
the  air  gap  across  which  the  design  flux  'density  must  be  estab¬ 
lished.  This  reluctance  Is  directly  proportional  to  the  gap" 
length.  The  wedge  shape,  of  -  the  gap  greatly  oornplidates  ,.th%  •  '' 

dilations,  so  the  simplification  will  be  made  that  the  reluctance 
depends  upon  the  gap  length  at  the  midpoint  of  the  magnet’s  pole 


[She .  actuator's  power  angle  5a®  to  the  other  •  set  or  »gn®ts 
la  33  3/4°) .  Fox*  the  Meal-  floss pllm  shape  (ae  distortion) 
the  gap*  !tg’V  at  th»  plan®  of  the  teeth,  i@ 


■  a  m  d 
d 

Sine®  &  m  S- for • two  -lobe  Harmonic  Drive 

g- '•  »>,  .  l/Pp 

,  Oilrig '  96  . 

g  ^6"a»';,pi64''  ■«  .'2.6  js  KT^I 


(4-56) 


m 


■(4-60) 


Neglecting  the  reiuet&np© .  of  the  iron  Relative  -to  the' air 


^  i 

"  .Tit 

./%  • 


Take 


J9m  «•  2.2^/ 

Due  -to . :ihif '  lever .  action,  of  the  back-up  armature -.  pieces,  th©:' 


gap.  4#  greater. 'iit  each  of  .  the  magnet *s  gaps  by.  th©  jgecitesrleal 
advantages '' Kjb&1  ;  and . KSoag.- ' ••  •■•  ".  .''6  .6-  •■■ '  ■  ;  .  ''6; 

For  the.  In  »»board  gap.  .  ,  1  .  ■  '  .: 


Sj...  ■  :®?6 

tefi&Xg  »  3y3 
g„3' 

Js- 

«'•  3.4  X  .  '  •' 

.  (4.-63) 

the  out^bQard 

gap 

. ’  »*  *'*v *  *' '  •  •„  /-"  ■*/  •'■; 

-•  v  v'.’V 

.£2  - 

ta!!a2®.  **  |4 

g  .= 

4.5 ■*' -10^..-(y(v  ■•’•(J* 

(4-63) 

.-..  ;  a<';  ,': 

fl'H  -  ..'  /l  ,-i  ;. 

/?#*"}£■> t  *s-j '5§6' 

a.t-t 

...:.-_”5  ••'.  ':-  '  y.  ■  -  •;  6-6  - 

'.(4665) 

'A.-.*  -  ■  ■ 

’  .  ai 
d  g  .  “ 

*  790 

M,:.  ...  '  ' 

a-t 

■  ‘  ,!  .  ,  :  .  ,1: ’’■■  ■,  - 

..  (4-66) 

, '  .53380  a-*t 

■•  -••V 

.,,.  (4-67) 

For  ah  actuator  ‘power  angle.,  of  2T°y  the.  power  angle' of  the- -Magnet 
under,  consideration  would  be  •  :  :  :  '  6 


S 


27 v  + 


*  38° 

10(5 
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,  \  .S3  -«*  g-|  .1  ~  tiinS  (45°-3«0>  I  '*  2.0  x 

L  •>  if} 

and  total  MMS*  would  be  lass. 


(4-695, 


Koweves *i  there  are  two  factors  that  tend  to  make  the  gap  larges?  * 
fiftst,  there  way  he  some  distortion.,  in  the  shape  of  the  flex-  \ 

•  spline*  which  would  increase  the.  curvature  ahead -..of  the  flex- 
spline  ,  Second^  the  above  analysis,  is  based  bn  the  magnet  pole 
face  being-  circular ji '"however#  for  ■  the: Model.  EHP»3i  to-: oons'erve 

**  X  *  ■f*'.  /fc  4*  »  9  -V*  -4 Wi.  4**!vm*V  »%**»«(*'<!*•  f*.#*.  it  ■£'*'}  «  4“  fti/S*}  *?  *“<  - 

ttic&tavt  a.  cas*  vu<.  -i. ^  &C>  Okuvi  ••  ^  v*  $  vti^  *wvvm  mwv  a  lu-v  •*.  ^v^mw  »  **.  4  «  v.» 

'makes-  the.  average  gap  greater  than  if  It  were  'rounded-.'  For'  the/ 
diameter  of-  th©  raodelj  the  increase-,  in  gap  at  the,,  ends'  is  .Oil**, 
so'-the  average-. is':' about  ,006"  ; fees*®.  .  ■  V':’' ■/"/'/'//■ 


[Ttvk  ■  previous  total  MW  is  thus,  adjusted  by  the  f motors s 


4 


l.^3  '  X  2.0  x  , 0104"  •*  .  006'"  «»  I68O  a-t 


2TE 


■ '  /(4r70> 


':.Tb  allow,  for  the  effect  .'of  shape'  distortion, "  an " -Inoreas.e  j of  as". 
ii.iUoh.ab  *50$. (to  8500  a-t)  was  anticipated,' ...  •  ;  •■■  '•  ’  . : : ■•'■ >/ ■■ 

Knowledge  of/  the:  capabilities1  of  the  seM-donduefcors;..  feb  -be'  ,ein-:  "'- 
.ploybd .  indicated  that  the  current  limit  should  be  about...  • 


Ijy,  ..«*  10  to  15a 


. .  •  - 

; 


With  ■  .ijj,  «■  Ilia,  design  value  (•%>&•■ total  for  4  -poles)"  j 
Sb'fchEit  the.  required,  number  of -turns-!  is  ;/y;  y  " '  •.;•//•- 

.  N  i  Th  .  150  turns  ■'  .  .  -  1  ■/»',•- V/'  /  (4-7:2); 

.  ;•  •*  *  *  .  ; '  “■«*  -**•*“  *  --*  *  ‘  *  * '  *  y:  J, 

•'-.-•  '  -.  :•  -..•  %]  ..  '  '  /  ;//,  V''/  '•• 

or  75  turns.,-- per  coil.  However,  the.deoign  was  -completed  when-  . 
-.the.  design  f, lux; density  was-  8,6  vr/m*,  which. results  in  i4o  turns' 
•She  resistance  Of  one  coil,  using  70.  turns'  of  '#18  AWfj-  wire,  the 
latest  that-  could  be  fitted  in,  is  -approximately  '  .'/. 


:  'RC. 


6„l  .r;.  .,. 


( 4-73} 


at  room  temperature,  by  caloulatioh  'and 'measurement,  .Thus./  i;hd 
range- of -power  -loss  is  y"’\  f ---t-’- 

«■'  8(0,1) (10)^  -  80  watts,  irsV  :  =■ /10a - 


• ...  -  V... 


(4-74). 


to 


with 


.8(0.1) (l"5)?  =  180  watts,.  .  iw  «=  1,5a 


'  ©  ."■ 


8(0. 1) i 


.85 Y;  «  100  Watts,  V  11..25a 
107  .-  . ./'  ; . 


(4 
{  4-76) 


XAr.fcli?  attention  was  given  to  cooling  in  this  feasibility  taodel , 

An  asm  i  ys'i  a  of  how  temperature  vine  can  bo  estimated  is  given  in 
-Appendix.  X,  bon  the  EHD-3  ihfe  radiating  area  ir.  taken  on 

A  -  1  7/8"  (  TC  )6’‘  2  •/fftojM*)"!  »  66  in11  (4  *•77)’ 

If  *- 

Hence  . 

o  «  hA  At  «  .0035(66)85  “  20  watts  { 4~?8) 

For  the  two  power  dissipation  values,  the  theoretical  steady 
abate  temperature  would  be,  -at  room  temperature,  ambient,  '  ■'„  • 

t  «  SO  >■•  80_- _  .«?  370^0,  PR  «  80  watts  . ,  (<i-79) 


,p6(1TO5) 


800°0,  PR  180  watts 


(4-80) 


■  t  «  20  V  18Q 

GBTTooB) 

: which  would  indicate  the  rieed  for.  improved  cooling.  A  heat  rust  V  -a. 
test,  without -any  supplementary  coolihgj..w'aa;  performed  to.  measure.  vv 
temper  a  tune  pise  >  us  trig  thcirmocouploc  w c  cigcd  ago.  ms  t  .foe .  0  o  i  r.> 
with  a;  wooden/blocic.;-  Results  are'  given  in  Figures  ®>6  and -57  for  . 
.two  current  -levels*  /In ‘order  to'  present  dswsage  'to.. the:. i:ns\aa~-;:;,; -  i'i 
;:tioh>-vth«'  testa  ..were"  discontinued:  at  200°  F  ..(93°0) «  • 

Assuming  a  iioer&T ""hot-spot"  'allowance 'of  20°G,'  th.4- ■■comparative/" 

;  results  are  shown  ip  .Table  XV.I,  ■  .  7  •: ■: '7  ?../ 

Current  1*3  r  (amps')  V--;  11.2 

Time  to  roach  200°F  (minutes)  .  2f 

.Measured  steady  state  (°C)  150 

'Hot -spot  allowance  (°c)  20 

'  Assumed  measured  '.wire  steady  state  (°C)  120 

Thoorebisal  ,'w'ire  steady  'state  (°0) 370 
•  *Test .'digpon^lnued. .'at: ,  r  tc  •  /  <•  ,-/  :7" 

TABI.-.B  Rial  .data  ,:"BHPr3..  -.,  &^T£'>,r\ 

The'  ''much  better  cooling  that  was.  achieved  is  believed''  to  .jesult" 
f vom  motion  of  the  elements  which  greatly  increases ‘the  heat  . 
transfer 'coefficient.  Appendix  X  explains  that  NMA  B  insulation 


15  ' 

6.  . 

:  'V 

20 

-  _  •’  1-  ■ 

800 


TOG 


o 

has  a,  long-life  binding  ttURparature  limit  of  .130  c,  »o  that  the 
could  .be  run  indefinitely  at  3.1  atgps  per  iaagnet  for .  the  0*1 
lead  at  a*9 


1  U.;p  C>  U  ti  1  P.X  1,  lx  1  -  p 


4,6,6 

Buying  a  period'  of  about  one '  month  (Becember  1962)  the  model  was 
operated  nearly  .dally*  and  lees  frequently  for  the  following  .month, 
Ho  degradation  in  'performance  me  observed.  .After,  the  first  few 
daya  of  operation,  the  unit  was  disassembled,  Jbeoepb  for  a  slight 
.interferenue  between  the  armature®  and  the  housing*  -whioh  was 
•corrected*  there  ms  -no',  evidence  or  accelerated  wear*/.  . ■  . 

iisll.xX.  •■Acoustic  -Noise  . 

.A  MoaSurJaient  was. made  of  the  acoustic  noise  of  tho.  ee tuator,  k% 
a. distance  ©f --three  feet  directly. ' in .  front  of. .-the 'Bsagnet;  end  of  - 
the '  device*  ..the  tnea&ured  levels,  of  Table  >?i?xx  were  .  obtained  .*•’  vary¬ 
ing  with  /speed  and  'current.  Thee®  levels  are'. not  excessive:  for 
a  lee  fc.romeohanical  device®-  in  general';  •  S  .•"  ",  1 ;.  ■ , 


DIRECTION, 
v  '•  , 
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*■  Viewing  output  (magnet)  .end  .  * 

,**Scale  “A"  reading.  General-  Radio  Model  1551 "0 
•  p.Nol.se  Meter,  3  feet  a. way  along  the  rotation. spily,- 

TABLE  3CVII  4 ; ACOUSTIC  NOlSfe'MEASURBMgWPV  jM  1 


'Ambient  'level  55  4b  (rp&m  quiet) 

Viewing  hole  of  'the  Aotua tor  plugged.  :up 
••Actuator-'  mou«t©d.?ott  a  pad.  ■•■■-  ■.. ,  ,.- 
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ROTATIKS  FIE  fD  TYPE  --  PtefAlFE)1  ANAhYtlD  AW>  VRCHfiKCAf. 

EVALUfePXON  OF  DKSIUN 

general 

The  rotating  field,  type  is  characte rl zed  by  constant  npe&d,  constant 
torque  output  for  a  fixed  input:  frequency  anti  voltage.  There  are 
two  variations  of  this  type  (see  Figure  11)  denoted  by  differences 
In  the  flux  path;  <■<  - 

..Circumferential  flux,  characterized  by: 

-Fixed  iron  magnetic-  path.. 

~Flux  density  limitation  due  to.  threading  of  flux.. 

...  .“Additional  air  gaps  between  the  links,' 

-!»Forces  at  the  .link  Interfaces .  which  tend  to  increase 
.  deflection  force  and  friction  losses, 

Radial  flux  .characterized  by;'  ,; 

:  ,  -Increasing  iron  magnetic  path,  giving  a  moderate- loss' 

.,  .  in  force ,  ■  ...  \  .’  •  '  "v. 

“-Powder  gap  requiring  considerable  MMF.  .  •  ' .  . 

Fox*  both  types#  l.f  the  flexapline'  is;  metal#  •  it  .'also  tarries  flux 
'  but  tends  to.  degrade  the  entire  operation  due  to  eddy  currant  and 
■  .rotor- popper  loss, -  . ,  ' :  -•  . "  y  1 

Furthermore, . for  the, preferred  configuration  of  locating  the  stator 
:  field-  outside  of  the  armature#  the  metal  flexspline  acta  as  a  " 
high-reals tance:-". rotor  at  stall#  producing  a,  counter  torque  from 
.induction  motor  action.  This  decreases  .the  hot"  output'  torque.  .  . 
With  the  alternate  configuration,  of  placing  the  stator  field  In- q 
,*lde  the,  arahtura^  the  induction,  motor  torque  reinforces  the  Har-  • 
manic’.  Drive  torque,,  ,  However ;  '.'Considerably  less  Space  is  available  ;.  - 
..inside,  so  that  net'  to*q  ue- to.-. volume  would  be  leas  than  for  the 
preferred  configuration,  even  though  efficiency, might  be  somewhat- 
'  greater «  ■  •..  •  -  c-f--',  ./ 7  7  '  •  -  i  ft.  >;■  7-F  7  v  7  .  ...  7;.  .■ 7- 


-  density  is-  about  d,n#  bhiM  of,-,  the  SF.  type,  ,,so;  the  output  torque  - 
.fa'  thds'  aboqt  (1/3)'-,:,^  l/lO,.  Despite  this  •efjfect.>;;-:'^evppwe.r..jpatd 
to  power  '4'oss' .ratio  .and  other  performance  .ohsracterisfcioB  are,  . 


•  in  this  Section,  there  is  given,  first  a  physical  'description,  of.  .... 
the  various  models,  then  a  .-detailed  'analysis  •  of  predicated  per¬ 
formance  including  derivations  of  - formulas-  for -analyzing  the. 
electrical#  torque  awcl  inertia  characteristics,  ■  In  the  accompany¬ 
ing  Appendix  (XX)  #  there  .Is,  an- analysis  of  the  -SSHD-h.  model  that 


ill 


was  made  and  fees ted,  including  detailed  o&ltmi&fcions  to  mb- 
stunt  lata  the  lossas,  There  is  tn@n  presented  an  analysis  of 
the  performance  which  can  be  expected  if  certain  Inproveuent-J 
ere  madej  in  particular,  eliirtlsmting  the  metallic  floxnpline., 
For  a  non-condue ting  flexspline,  fe.he  theoretical  efficiency 


increases  from  leas  than  3$>  to  <40$  tr4  the  torque  from  2,2  It*, 
in.  to  72  lb, In.  The  characteristics  of  these  types  are 
{summarized.  in -Sable  XVIII. 


Tests  results for  the  HP  types  are  combined  with  the  analysis 
as  explained  in  the  Introduction * 


Daa or ip felon 


The  secondary  or  rotating  field  model • acts  as  a  synchronous 
motor.  In  general,-  It's  electrical  design  la-  considerably  less'  • 
complex  than  the  stepping'  -type.  In  fact,  ..models  were  con¬ 
structed  using- parts  from  a  conventional  three-phase  induction 
■  motor  (bee  Figures  X§ ".and  17) »  The  basic  concept  is  that  super** 
ppaltion  of  two  or.-  three  sine  wave  currents,  properly  phased, 
results  i’h/a  Smoothly •  rotating' •  flux  field,  -  as  with'  any. AG  poly*  / 
phase  motor;'.'  This  field  is  combined  with  reluo.fcanoe  action  by 
..using.  armature  means*  that  moves  radlal-ly  outward-  to  close 
the  air  gap;  .This  outward,  motion  also.-' deflects  the  fl@xapi.inc . 
into ; -progressive. ’engagement  with  the  "circular  .spline'.  The  re* 
-duo  felon -.'and  'integration  -action '  of  the  splined  members  Is', 
-basically  the,:  same  as  with  the  s  tepping  type.  The  key  difference 
between  the  two  types  la  that,  with  the  rotating  field  -  type, 
there  is  essentially  only  one  closed  loop  of  flux  for  the  entire 
.device,  as  'opposed  to  four  loops  for  the  stepping  field  type,  . 
-Duel 'to  •  the  •"•distributed  '--windings this  one  loop  has. a:  flux  density 
/distribution  that  varies,  approximately  sinusoidally,  and  spreads 
over  a  180°  segment •• 


-There  is  also  a  fundamental  .- difference  .in  the  two -variation's  of  -, 
armature.  The  first  {EIH3D.-4)  -.utilizes  a  flexible,  chain -of  rigid 
links  -(aee  Figures.  i4  and  19)  positioned  Just  Inside  the  flex™  - 
airline,  -  The  flix- passes-- "through  the  flexspXIne  arid -thi’eads-  oir».- 
■  cu,fnferan^ially:.,ardund  the-. chain.-  in.  two. .parallel  magnetics  .paths*  - 
.'..Beoadse:  -of  V.  convergence the.  flux  'density  will -be  ’greater-  inside.  . 
.  tf  hs ,-  1‘isxsp-l-i.nef . ...  llio, portion  -of  the.  chain  posifeipned,  90®.  ;$0.  Pa  Civ 

flux  density  position  will  .parry  the  highest. 


.flux  density, ;  '••'This , 


fil,  leads; to  e.flpx  density . in  the. 


al’r“.  gap  which  is  less  than  the  saturation  level  Of  the  ..'magnetic 
material,  .  \ 


The.  second. .armature  variation  ( EKD-2).  (sec  Figure  13)'  utilizes  . a 
powder. '.-of  if  on-  or  -.other  permeable  nua-teriai- plus  ■.■■■,•  a,  rigid .  laminated 
core  .'that  does, 'not  flex,  but  rather  ’rotates-  with”  the, .  flcxapllne,. 
The.  flux .  pmahft  fees’  primarily  -  from  .the,  pole  tips  y'-psases  'through 
the  f ieispllh© '  arid,  then  ..through’ a  ” frozen  'bridge  ■  of  powder-,  on  . 
Infeo  the  cor®,  -  Most  of  it.  •  enters  at.  the  slot,  tips  due.  to  the:  y  ■ 
■  lower  reluctance;  -path-  offered  there. .-Even :  the  Ripest  /.-powder 
has-  a  roluetanog.  Bsveral  orders,  pf .  (oagnitude-. greater;  than-,  solid  . 
magnetic  iron,,  thus  focussing ...thcl  flux  as  stated  above,  .The'  slots 


os'  fcho  core  provlda  space  fo?  the  powder  to  move  into  when  the 
:s‘Iu.<  field  io  located  elsewhere.  This  action  hue  boon  studied 
and  verified  with  lulgh-apeed  movies.  She  major  drAw-haok  to 
tliia  scheme  appears  to  he  higher  minimum  reluctance,  due  to  the 
necessity  for  clearance  space  in  which  the  powder  bridge  forma 
and  the  low  permeability  of  powder  relative  to  solid  material. 
Thus,  for  the  same  input  current  as  the  link  variation  or  the 
stepping  type,  a  much  lower  torque  is  expected;  or  conversely,, 
to  get  high' .  torques  a  greater  current  1b  required.  However,* 
because  ' the  powder  type  has  no, internal,  element  of  •  significant .. 
path  length  limiting  the  flux  density,  such  as  the  link,  it  is? 
expected  that  its  torque  capability  would  be.  greater  than,  for¬ 
th®,  link  type,  but  at  a- progressively  lower  efficiency*  It  is 
also  likely  that  heat  dissipation  would  prevent 'its  torque 
approaching  that  of  the  stepping  type  .except-  for  possibly  short- 
time  transient  peaks.  /„-v",  .  •  v  ’  "  .  . 


in  order  to  obtain  -steady  state  holding  torque  •  frqm ..  the  "rotating 
i .lei d  types,,  there  'would,  bo  required  <x  means  of  supplying  direct 
vourrqnt  to  onb  of  the ;  windings,  .^is  is  -.considered  feasible. 


,1*he  analysis  "is  based  upon  the  radial  flux--  configuration} .  in 
particular.  Model  EHD-2.  , 


In  performing  an  electric ‘-and  magnetic  analysis;  or*  &  poTyphtisa 
AC  machine,  such  as  the  device  "under  consideration,'  it ■"is..-ba.st  ■. 
•to  initially  view  the  •  machine  aa '  single  ''phase ,  •  .At  .an  appropriate 
later  point  the  phases- are  recombined  to  ascertain  the  device *g 
performance. •  d. ; 


Consider  first  the  'magnetic  circuit;,-  In.  schametic  '..form  ,fchd  ifiagt- 
netiq,' circuit  for  ope  phase  is  -shown  in  -'A.-ittagne-ti 

circuit,  in-  which  the  flux-  is  changing,  •  the  •relationship  between- 
flux  and  "voltage,  is  given  by  Faraday's  paw.  ^.-^his' ."states  -that  the 
voltage,' induced  in  a  magnetic  circuit  is,. at  ail;  times,  given  -bys 


In  the  case  of  all  the  Rotating  Field  actuators,  the  .;iijipre»SQd  , 
ydltage.  .has,  a  sinusoidal  variation'  with  time;  lie./  :^rf: 

■  ,  ' v "e  emcos .  wfc  -  v.  '  :  ;';vk<;;iv.7r (5-2) 

pue  to  the  winding  cdVifiguratlon,-,' this  voltage',  impressed  on  a-‘ 
single-  ph8ts'e»:v. will.', produce  a  f  lux  which  ;  should  approach  ,%  vdria** 
tj.on  that  ,is  Sinusoidal  in  .spaeel  That  produced-  by, i, the,  .other.'  ' ; 
phasea.--- wilitbe'.  the same,  but  Phased  differently  of  course .  -itowevar 
'-the; voltage,  actually,  involved,  ;ih:  ths;,  calouiatioft...  is  not  .thq  line 
or  terminal  voltage,  but  rather  ''-the . 'voltage.' ,  ■  wheo'  vebtorAly 
added  to  other  voit'agea  in  .the  circuit,,.  such  -at' th©;  resistance 
voltage  drops,,  equals  the .  terminal  vditage.  So,-  first,  the  value 
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FXGME  58  »  '5’tux  LXNK-ACrKS  OF  MODEL  EH&-1,  -2,  U  ROTATING 
:  FIELD  STATOR  ( 24  POLE  TEETH)  ,  ,  ..  . 


.1;  ■; One-  side  of '  one.  phtee  shown*  The  colls  on  .the. ..other -side 
are  identically  placed.  All:  colls  of  a  phase  are  wired  in 
&•&•»>  ...For  the  sec.opd  phase  of  "this  three-phase  device,  the 
ooils  w6ula  be  shifted  by  120°  (8 . stator  pole  tooth).  Th* 
third;  phaap  i&' shifted,  by  tioother,  120°,  ■  /  ; 


N  «  :Number  of  turns  in  ci.oll  designated  ' 

0  «  Lines"  of  ■  flux  in' stator  pole,  tooth  '  . 

.  1,2, 3»,»  <  Identification  number  of  .slot 
■..  A,B,Bri  f  t  .'Identification  number  of  stator  pole  tooth 


-uk 


of  voltagK  to  ho  used  in  Kqwn.ifm  ( 5**  ^ )  must  ?>e  found, 
lent  circuit  -  la  very  helpful  (Figure  5P) ,.  Shis  :1a  the 
Indue  felon  motor  circuit  because,  in  essence,  the  device: 
oldored  as  an  induction  motor  operating  at  full  a-’  ’p  (l 
ly4  fcne  slip  is  equal  to 


An  sqtjiva  - 
same  as  an 
can  be  eon 
, 0 ) .  Actual 


?>) 


Bui;  Minna.  w* th  output  taken  from  the  flexsplins,  Rg  3s  negative 
(there  Is  a  reversal  in  direction) , 


X  -}■  i 


(£>-4) 


For  typically.,  of  100  or  more 

8  -o  i.o  ■  ‘  .  (5-5) 

For  ..-a  implication.-  In.  nohhfclojv  define  : 

«3  ;•*  >xe  ■  .(5;6J 

which'  is-  -fcha  voltage  across  the  exciting;  inductive  reantance,  in 
order  to  find  03  in  -terms  of  e.f >  the  terminal  voltage  whiolv-oap 
'he-meaftuf.d<3,.'  an’?approximate"  solution  is  to  assume  that  the  ratio 
of  resistance  to .  •reaefean.oe'  for  the  parallel-'-opAMnictibn''  of  5!g  and  . 
Z$  is  the  same  as  for  zq.  ; 


Hence , 


©  <fc 


±i~ 


b?l 


+ 


(5~r) 


Actually#  this,  relation  Is  "considered  good  for  the.  no-load  case 
(la«0).,  hut,  may  he  somewhat  inaccurate  when .  ig  exists  and  is  -  added 
(yectorily)'  60  i©-  with  a  metal  fiexspiine.  It  -is  -.very,  difficpl't..- 
to  ma'i'o.  a  no-load  test-#  as  a  flexible  -rotor-  element'  is ■.  unavoidably 
.deflected  to'  produce  HarnjohiQ- Drive  action  (toothed  or  'fridtiOnal) 
■thereby  acting  .as- a  ..high-  torque"  load,  ■ /;  •-■  . I v”.a 

Power  factor  la  found  froitthe-  basic,  measurements  as"  -  ,  ,  "  - 

1  Power  •■Edotpr.''-  (oos-  .-©a)  ".'"4*'  ^P1  (5-8) 

ffhen  e;$  is  f oudd  f rom • ;  -  ;  :'"U :\  y -,  - 

•  'i  c-  egf  sin  9?;  ,  :  ■  3  '.-.V  V  V  ,-y v  .  V'-  ( 5-9 ) 

Now  Faraday’s  Law-  can;  he?  applied.  •  In.  terms-  “of  the  equivalent  ;.l 
.cii'cuit  v  '•  ••  -  ■ t  ■';  ■  1* ; 


•v>  .  '  e-j  cosset  ' 

-i  -m 


(.5*10) 


1.1-5 


Subscript  No.Wi<m.  •  '  Vaotor*  Definition* 


t  " 

stator,' 

v.- 

.  Z1  r  Bl  .*$♦*  Xj; 

.rotor 

';  ..  . ;  -  .  ..  .-■'•■  J.  ' ..  .• 

e 

t 

magtiotlflrig’ 
terminal '  '  . 

z?  »  5sL  ”f"b  X* 

*  -  g  ;fc.  .  ■ 

%  “  R&  '^»Xij/ '  :;' 


.  FlOtm®  59  WXVAL&W-  ELECTRIC  CIRCUIT  FOR  A  ROTATING  -"■ 

PISH)  ACTUATOR  \"v"'  ’■■  ••y;>y  .V;^  '. '■  v::;  ■; 

This  is.,  for'-one  of  the  phases  only,  hene®-,l‘o:i?' a ; three;  '■ 
"phafre'  -devioe.  «t  Is' -the  line  to  neutrai.^oji*^®*/  .!.•  '??£  "  "■ 

'  Power  -'absorbed  by  «Rp{l~«&}  -represents  the  shaft  bovi'sr, 

•'  .  •.  •;  0  ■•  -■■"  ./t_  -r!  y  .'.  '  •• 

Rx  and.  Rg  account  for  the  stator  copper  losses,.,. 

;  R§;  account®. for  the  core.  lose  {hysteresis  plus  eddy  /purrs-nt) ; 
• ap'd  Xg  account  for  -the  leakage  reactances,  ,  .  . 

:{•  X® ,'aocjpuhts  for*  the  exciting,  reactance. 


Faraday 1  s  jfoaw  should  foe  applied  few  each  uu.1.1  au|«w*«iely.  For 
coil  Ki 


( #»'!  Ji'.i  QOMMt  “'?■)  A.  S  p(.k  4-  /?  fPo  +  2  4^1 


j\ir  1*1 

Hence 

4S1 


(•-U) 


+  4*3  - 


r 


33m) «i  I  coa  tot  at  “(®3n)')%^3in  'f  C).)'(5-l^) 
28Fj  J 


Consider  that.  , 

i\  'v  bg  ■+'  4>3  :»•  o  S  vvfoert  t  ••."  •  f\  *  A-  »;.-2  .  ..  ,/  V 

■  . -'C-V~0  fi.nd  4\  1~  -dd,  tot  j 

•  ,  ,  ....••  ..  ’  *i  "  3 -'ft  '  /-■-.•  •  <2  «U,W),  .  ..  ......  . 

I'he  maximum  value  is  the' amplitude  ,  ./:  ,  'vlp'vvi!". ■’ 

• '  ■  (<Vf  Ai+A'*)". :*  •  ■  p'  ' '  -  ^  !  AVy  ' : 

■  i!  <D  N(.  '  '  ""  3  f  ' 

Idkewise "for  efoll  Ng. -'V ’ ■  r  A'  V -A../- . '  3-: 

p :  ./  ':v  ;:(5r;X5); 

>■  ,/% #,>%;+: 4,  +  4*)m  or:- •  ,3"  -,  "(«65  , 

aha,'iil3P; fbr  the  -.other  j-twor coils  >.  's 

;(4,;^.%r.^5  t  cbi+  %)  V-.  :  (-5-17)  '■ 

3.  •  3  '  •  Njf  '  .•■■,■  • . . 3  f '  .'3  ■  I: '  ' 

'■  (4y  <  4»V  <k  •*■  <k  AAs  '  0-lB),  • 

v  •.  •  •  1  ix  ( *2 o>!»  N,«|  .  ..  .  ‘  (  "• 

Summing  fon^all  coils 3  realising'-, ■that  for  coils  in  series. 

'8v  «•  (eUn.  -i-  :  (e-j  )m^  4  (e-s  )m-  +'  (^Jwh  '  ■  (3-19) 

^ii  ,  :  “?***.■  yx  ■*’£  : .  ^n\  ..  -•  -r 


and"  that  If-'; 

;•/'  (4,:-  ckj!Vl  -  J'4?» •' ' 


,  (5-^)  ’ 


since  all  fluxes  are  functio'h.is/of  the:  came  •  frequency  and  phase3 
there  is  obtained  3,;..,,' 3  ; ’  3  -  ’■  3"3..  3  3  '  ^ 

,  e3m  2  $'?*):■* 
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j;n  th<-'  stator  dns.ign  the  oo.il a  are  wound  so  that  the  values 
approach  a  sinusoidal •  dlstri but! on  In  space.  With  this  particu¬ 
lar  motor  fclere  is  a  rather  long  fiat -top  shape  since  the  shortwet- 
span  oo 3.1  spans  pad;  4  spaces ,  'per  Figure  53.  But  it  sti.il 
matches  the  sine  wave  fairly  well ,  a»  shown  in  Figure  60. 

How  well  the  o  mi  ter a  of  the  other  flux  values  fall  on  the  curve 
remains  to  be  aeon,  (in  a  design  problem  or  synthesis ;  the 
number  of  turns  would  be  unknown,:  and  expressions  can  he  written 
for  the  4>  's  in  terms  of  the  maximum  value,  from  which  the  turns 
are  .eventually  found).  So,  in  this  case. 

-  4>3n-  -  4>2„.  -  4>„.  (5-22) 


There  are,  s.o  far;  four  unknown’  values  of  .flux  and  two  independent 
equations,  Consider  the  MMF  analysis. fox'  the  other  equations.: 
'Since,  in.;  general:,  .  .  ..  "  ...  ...  ;. 


-  MMF  :  *  Ni  .  ..  -  L 


(5-23) 


.„  .for  ■of  .'  the .  air •  gaps >  consi^e*'1  nt  the  reluctance  of  the  .iron  . 

[;t<  pa  the ^negligible  and  \4t  the  reluctance  of  one  air  •  gap  in...  a  half 
phase,,,  there)  isl-written  ;;  '/ 

Gan  Ho'.  -. :  ■  ■■■"  .....  Peak  MMF  Required  ' 

’■  ,,C;  A-  '  ,~--t - - - -  ■'■'  ;•  f; 

. •  '.  ;■  ■■  .-■■I  '[T 

"  etc,;' •-.  .  ■ 

...  t  Since  the  coils  are  all  in  series;  ■  the  same'  current  flows  through 
■  eachy  ad  ' Kirchhoff *  3  circuit  laws  :.can  conveniently,  be  applied  to 
.  ..ah" ‘equivalent  circuit  (Figure  6i)  in  which  each  resistor-  is  ■•  the 
i  ■  reluot^ncd  ..pffdhe/lgajp;.:  ■■  i"";’  -•■  ..■■ 

■  ;  .  N,i  '  v  fi’:. ' 


,  ..  -vf  -i-  j  |  -  ■■  -+•  I ,  -  :-.’l  •-¥  j"*  \r? 

,ii  >l  a-,.  .  ^,,1  '• 


s»jfa  v  th.  5  &A 

7/>  Y' 


.'•HSp  vr.*TY  ttj'  f»v  ■  ts>  >.  ■ 

tf*f  ;  jif 


.  W  TCJ-f 

lit? 


A /y.£js , 


r -a/j  £em  *■  ($4(4^ 


\p-2k). 
( 5*r2$) 

.  (5-2j5), 

.  (5^?) 


FIGURE  Si  v  MAGHEl’lC . EQUIVALENT  CIRCUIT 


*i  h  *4  *?  fj  *1  *J - 

' 7  /  /,/  /  /  >  / 


LINES  OF  FLUX 


30°  60"  90" 


ANGLE 


'  -’V,r 


FIGURE  SO  MATCHING  OF  FLUX  AT  STATOR  >POl.E  TEETH  ■ 
AIR  GAPS  TO  A  SINUSOIDAL  DISTRIBUTION,. 
FOR  MODEL  EHD-1  s.  «-2,  ~4:  ROTATING  FIELD 


cstawW  i 'oh  pQ'f'B  TEETH). 


11.9  ■ 


This  results  In  four  equations  and  two  wore  unknown*} ,  fa-  and 
sc*  the  equation  can  be  solved  for  the  three  variables  ,  i%j» 
and  £0  in  terms  of  each  other,  to  give: 

s3m  -  2»  :lem  [S.  (£n)2  +  3N42  +  2N32  +  N22 

.  +  4N4N3  +■  2W4N2+ 'SN3N2I  (5-28) 

From  the  equation  and  a  calculation  of  $ , ‘  the  values  of  flux  can 

k  ^  /A  4  i  «  m  .w  •  »  sf\  a  ci'f»v>v’>r»<'»  «  -4  /> 

Wt?  A  UUUM  UOAU5  X  KJi.  UiJO  V* A  V 


*  .  O  P 

,N)  **  r  3 Mil  +  2M-: 


(5-28) 


k  a  4  i'i'mVm.w  >r> ^ +>1t,  m  -4  /> v\ 

ww  A  WWUM  UOiliK  X  <Ji.  i/{  Wilo  virfvjp*  v,mwAV*j 


<50  -  JL.  xl  +  x2 


(  5-2? 


nw  L^l.  3tt2  J  . 

From  su  is  found'  the  magnetic  force  Fq  at  each  stator  pole  tip  '1 
from  the  magnetic  f  Ores’) formula.  This  id  used  with'  the  torque, 
and  supporting,  force  formulas  of  Section  3, 


' FT  : ■»  X'  Fp  sin'  S»p 
1  %  ■;  »'  Ft^T.  ' 

x?p-  cos  2©p 


(5-30) 
■ (5-31) 
(5^32) 


Aa.  discussed  in  '.Section'  3?  the.  maximum  -torque  load  that  dan.  -be 
applied  without.  ■ causing  the?  teeth  to' disengage '  is'  roughly  that 
for  which  *■  '  '■  ■  .  ,  ;■■ 


i'.  9b  «•  d  m  -•=:  1  -arc tan  1 

>  ■  1  '  "o  o'  £, 


tanfa 


(5  *33) 


.for  .  ttie  pole  tip  where  has  its  maximum  value  ',&m  ; ;  .  Total 
torque  “for  the  device  is  derived  as  follows:.  For'  a-  three-phase, 
device i  instantaneously  when,  the;  torque  in  ope.  phase  is  maximum,  ,  . 
the  flux  in'  the  other  two.  phases  .  is -  each  at  1/2  its  .maximum.  Valuev 
; Thus'#; :"obWbine-  vedfcdrily  to  produce  a  not  flux  in  phase  with  the. 
first  .phase,  "  Since-  all  ..phases  are  120°’  apart,'  the  .".added:,  flux'  -ip 

2 . (4*  »oos  6o°V  -j  (|.m  ,  .:  .:  ( 5~34) 

"2  .  . . 

Hehoe,  the  total -.fluit:  is  1-|.  times  that',  due  to  one  phase,1' -and  .the 
force",  is.  .greater1;' 'by- the  ratilb  ..(T-g)/  >  .2i25/.. / 

Hence,  ;  fg.  -=;  2>25  Tf.  ..  :  V-3’7) 1 )/":  (5-3.5) 

There  is-  also  a  .counter,  torque  T/' produced  by  currents  induced  in  ■ 
the  flexspline,  if  It  is  metal,  in  conjunction  with  the  flux." fill'd 
(  induction  motor  action) h-  if  the  values  of ;  the  rotor  resistance'^, 
and- reactance  hire  re  obtained,  in  conjunction  ...with  ...'theae-  values  for-: 
the  stator  discussed  earlier, :  then  the  eouhtqr  torque  could  be  cal 
culated  using  the  usual  induction  motor  equations,  -  V  V 


'The  net-  torque  output  would  be  the  groaa  Harmonic  Drive  torque 
minus  the  induction  motor  toruuw. 


T>t 


...  rn 

-  J.  t'\ 


r|J 
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D 


( 5-36) 


Resistance  of  the  windings  is  calculated  from  knowledge  of  the 
wire  size  and  mean  length  of  turn.  Hence,  !*-!'{  loss  can  be  obtained. 
It  should  toe  realised  that 


I, 


Ig  (vector  addition.) 


’I  v  .  £ 

as  atsciiss<jd  before.,  so  severtU  1%  losses  are'  Involved.  '  The 
core  loss, -Pc  can  he  found  as  - 


(5-37) 


0 

T  U  ' 


(.5.-38) ... 


Thus '.total  losses .  oq.u.l'd  .be  found . 


Alps,-  Inertia  could,  be  found  by  using  the  expressions  .of.  Section  3. 
considering-'  the  effective  •  mass  pf  powder  .that  is  .-moved  - equal.  ;to  •• 

•' the. 'mass  of  -the-.,  rectangular  solid  defined  by  Aq  times  fhs  -V- 
output  speed  ip  obviously,  the  -input . frequency  divided -by  ratio,  .* 


■  Qtiii 


M  - 


<Ai 


% 


2  ir  f 


(5- 


so  that  power  output,  is 1 
;r'  P0  -  T/4&M 


(5-40) 


Knowing  thf  weight  "the  usual';.' significant  performance  oharactefis*-' 
tics- can  be  found;-  Appendix  XI  derives  the  specific  values  for 
■  the .  various-  models .  •  •  „•  • 


SECTION  b 

COJWPhSXSQN  OF  iim  WITH  OTHER  DEVICES 


6,3. _ Comparison  of  Ratings 

The  results" of  the  evaluations  of  Sections  4  and  5  are  given  in 
Table  mil  for  all  EKDfcypcs.  The  data  la  a  combination  of 
theoretical  and  measured  values  for' reasons  discussed  In  Sections 
2,  4  and  5.  The  SF  type  EHD-3  is  representative  of  the  highest 
power  rates  that  can  be  .achieved,  but  the  RF  types,  important  for 
their  simplicity,  also  possess  very  good  power  rates.  In  order  to 
compare  this  data  with  the  state-of-the-art  for  conventional' elec¬ 
tric  high'  response  actuators.  Table  XIX  was  'prepared.  This. com¬ 
pares  the  performance  characteristics  of greatest  importance. 

.The  Minertta "  f>G.  motor  is  &  very  new  .type  for .  -which  •  the-  weight 
could  not  te  -ascertained.  It  Is  seen  that  its  high  theoretical ' 
power  rate  is  obtained  at  an  extremely  high  pulse-  current  level'. 
/This  severely  limits  the  pulse  length  and  duty  cycle,  and  the 
weight  of '  the ’power  supply .  required  would  'be  very  high.  It.  Is 
listed. as. an  example  of  the  extremes  to  which  conventional  types 
of  actuators!'  in  'which  the.  gap  remains  constant,  are  .expected  to 
be  carried  through' research, 

•The  power- rate  of  the  Printed  circuit  motor  is  in  the  .  same'  range 
•as  the;  EHD-3  model  (the  maximum  theoretical  performance  SF  type, 

. described ' In  Section  4,3.1  would  be  greater),  but  as  with  the 
.Mlneftia  type,  its  power  rate  is  achieved  at  a  pulse  current' that 
represents  a,  much  greater  loss  and  power  supply  requirement. .... 
Stepping  or  synchronous  types  are  not.  given  because  none  exist 
with  high  power,  low  inertia  characteristics  comparable  to  the 
others  of  Table.  Xl  *. 

.The  actuators  should  also  be  compared  cm  the  basis  of  allowable 
duty  cycle  or  pulse  duration,  and  temperature  rise  as  it  affects 
life  and  reliability.  These  are.  important  factors  in  most  appli¬ 
cations.  in  general ,  the  higher  the • power  rate  of  the-  convention¬ 
al  actuator,  -the  ■  shorter  its  duty  cycle  and  pulse  duration.  For,, 
the.  EHO, types,  with  a  reasonable  amount  of  cooling,  duty  cycle  .  ■ 

■would  'be  .essentially  .continuous.: . 

Tj5  for -the  conventional  types  is  'taken'  .from-  the  -.manufacturer**  - 
data,  sheets  where  given.  In  two  cases  "’this  is  not  given,  so  Tjj 
is  .calculated,  aw -defined  in  -section  2  at  the  following  speeds; 

-Inland  Torque  motor -30  -rpm  ( 1/2 • maximum  rating). 

-Diehl  motor  >.5000  rpm  corresponding  to  peak  Pj^. 
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5v}  between  steps.  See  Section"  -4/  ■ 

TABLE  XVI1J.-KHJ5  CHARACTERlSTI  OS 
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for  the  BUD  types  is 
Table  XVTI3L 


calculated  at  the  •  rate?! 


speeds  given  .In 


It  should  be  realized  that 
be  different,  depending  on 


fur  a  specific  peak  iio-ad  speed,  it  may 
the  load  speed  and  gearing  if  any,  but 
PM  would  also  vary  sin  the  same  manner,  so  the  usefulness  of  the 
actuator  for  fast  response  remains,  relatively  the  same,  provided 
that  the  gearing  does  not  introduce  serious  time  la«s  or  non- 
linearities. 


The  comparison  between  an  EHf  actuator  and  a  conventional  electrical 
servo  device  oars  be  usefully  presented  by  a  graph  such  as  Figure 
62;  which  compares  an 'inland  Torque  motor  operated  with  5*1  gear.-.  , 
ing  to  match  its  peak  speed  to  a  load  speed  of  IS  rpm,  a  no-sllp  . 
value  for  the  present  EHD-3  model,-  The  data  for  Figure • 63  are  ' 


given  in  Table  X?;. 


■  The  Inland' motor  ;ia  seieoSM-  for.  comparison  because  Jit  provides 
the  highest  power  rate- for  .conventional  .devices  •Characterized  by 
high  duty  '.cycle  .and  none  or  Tittle  required  output.: gearing  far'  . 
matching  to,- the”  load.  •  \ ,v 


.  Following -  the  approach  presented  -  in  Section  8, :  the  ratios  of  Pm/Tl  -. 

.  for  each"  actuator  are 'plotted  as  a  function '.of  load  time  constant 
Tp.  It' is ' st®h  that  for  load  requirements  characterized  by  Tj,  less, 
than  ,00048  Bee;-.  (designated,  the  ".extreme1 performance  servo  region”) 

; there  is  a  2$  '%p  -1 . -advantage- -for  EHX*3  compared  to  the  conventional 
actuator.  ..  For  example,,  at  ,0004  sec,  which  .represents.  Qg  ~  3100 

rad/eec2,-  the  Inland  motor  requires  a  Pm  of  .  58 -  Fj,,  whereas  the. 'BHD-3 
requires  a  . Pm  of  2.-4  times  Pj„-  (58/2.4  « IpiJ.,,  Even,  though-  (from  Table 
XX)  the  Ponventj.onal  electrical  actuator  has  a  power  ...output  2.8  times 
that  of' the  EH'D-3  at  -this-  .particular'  load  speed,  it  is  .' quite  evident  , 
-that  the.  .EilP-3 "can ".drive:  a  ..larger  load , 

Figure  62  also  shows  that '  for .  r'r,  between  , 00048.  aeo."  and  .  012  sec,  , 
(the  so-called  "high  perfbri^ftoe"  servo  region)  the  Pm/ Pj,  advantage  ., 
for  the  EH0-3-:  falls  gradually  from  '85s  1  "to  approximately  2s  1.-  Thus  , 
it  is  seen '-that  .SUED"  offer  s' ..very  significant  advantages  wherever  • 
large  'load  accelerations  relative,  to  load  speeds'. are  required.  It'.  " 
is  most  significant  to  compare  the -two  devices  oh  'the.  basis  of 
weight  of  the  size  actuator  required  to  drive  a  particular  load,  • 
Actuator  peak  power  output  is  approximately  proportional  to 
weight  for  a  certain,  type  of  actuator,  within  reasonable  speeds. 

Hence,  the  ratio  of  Pfl/Wt  is  divided  into  the  .  Pgj/Pj;  ratio  to  give 
a  Wt/Pt,  ratio,  which  is  also  -plotted  in  Figure  62,  "  For  this  par¬ 
ticular  case  the  ratios  of  Wt/?L  (Weight  per  load  power  of  the 
conventional  type  to  the  EHD-3 )  are  .unity 'at  a  breakeven  point  of 
/Tp  «■  ,012  sec,  and  indicates  that  on  a  weight  basis  the  BHD-3  re¬ 
quires  'less  weight- for  all  applications  except  the  "low  performance" 
servo  region,,  (It  is  a  coincidence  that,  this  is  also  the  ”/&  for 
which  ,’,'m/7£  fa.  1/2  for  the  Inland  Motor),  The  weight  advantage  (ratio 
Of  Wt/Pjj  for  the  two  actuators)  is  constant  at  12.7  in  the  extreme 
performance  region  and  'falls  gradually  to  unity  at  the  breakeven. 
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Load  Peak  Spaed,  »  12  rpsn  ---  1.26  rad/aec. 
Load  T.Unc:  Constant,  "Tl,  varied. 


ILTID-3 

Y~8ooi-a»  " 

(Ym  =s  .00024  sec. 

‘  6o 

©M  ~  60  rpm  «.  6.  3  rad/see. 

5.1 1  gearing  used.  . 

gearing  inertia  rnegleeted, 

also  frictional,;  loss.; 

'  “%  ■’  •^'•3'-JLsiSSi  5s.  *  oo6  aeo.. . ' 

:  ■  *.■;>;  -\25  ..-/•/  . 

.60.  (1,26),  «  76  watts  , . 

PM  25  x  12  .x  O...H3  x-„'6v3”:»s 
",  :  2,14  WattS  : 

W-i;  *  22  lbs.,  i 

Wf  w  32  lbs. 

•’  3-4  Y  ,7'  .4' '.’.y.? 

PM/Wt,  6.7  vv 

■  •  '  32  ■  ,  ,.v  .  ,. 

.'  a  .  ,* Inland  Torque  Motor ", 

•SABm  IX  -  DATA  F0Fi  .Fl CURB  62  ! ;  ^VtvV- '■  ,;V>  ■  . ."'  ■  /  ’?  *>' 

o 


peak: 


point,  lot’  au  :i  nttunnocliato  "it 

r*.  u  v,  .t.  ri.i.  tti  j.  o 

of,  for  example,  .003  ooe 

. ,  punk 

«L  r*'  eX*  “  IK  ( X/fo)  >s 

Tj(  .01)1 

420  rad/ see f’ 

(6-1) 

and  the  comparison  is  aa  shown 

in  Table  XXI. 

CHARACTERISTICS 

TOT  TT\  "•» 

. '-'  T=BD0r^r~ ■ 

Inland 

My  vOi/ 

Hat'io  of 
T“80Ol"A 

xty  HsHy-'- 

FM/pL  ■  I-1 

8 

Q 

(  *  o 

Wt/p£,(  lbs  ./watt)  0. 32 

.  .1.2  .  .  . 

■  3,8  ; 

Actuator  Weight  (lbs". )  32 

for  Pp  --•  '  ..  ...  ' 

TOO-  Watts 

:i2o  .  -V"; .' 

3.8 

TABLE  XXI  r  SHD-3- COMPARED  TO  A 

CdWVBMTlONAL  •  ACTUATOR  AT;' 

%*  .003-  SEC; 

Although  the  effect"  of"  the  gearing  used  with-  ttoe •' inland  ,«f0t6t*"rhap 
-tjqen  neglected,  there  will  be  the  weights  of  the. -controls  for  each;, 
to  be:  considered,-  so  the  above  Is*  useful  primarily  ad  a  guide.  ./ 


Th% '  BED -. mode  1  s  are  synchronous  devices ,  in.  which  6utp4;t . -speed  ;f A - ; 
proportional,  to  input’ -frequency.  -  During  '-transient  Starting  periods, 
the  actual  output  lags  the-  commanded  output  by  a  finite  'amount'  be*—-.  / : 
fo-re  synchronism  is  reached';.-  The  maximum  lag-.--  permissible  '.without 
.-l-osing  synchronism  determines  the  . maximum  load  inertia  .and  torque, 
than  can.be  accelerated  for  a  particular  /commanded  speed,  V'VC'."-  *  i* :  2  * 

The-  problem- of-"-  achieving  synchronous,  operation:. la  h  ot  peculiar-.;,  to 
EHD;,  it  is  characteristic  of  •  synchronous ' 'devices  general'.' *„;  Ooh<f'-  ,  ■/ 

volitional  Synchronous,  motors  operate  as  induction  motpra' during  ;-  \ 
"startup.  .  Conventional  steppers  pari  be  '-operated. -  With  special:- .feed”- ..  v"  i 
•back  controls  that  produce  a  a  elf -stepping  action  ,irv  which:  ■Sucsoeedt^;  ", 
Ing  steps  ’  ©tart/  .only"  after  the  output- bah  •desponded’  -auff  iolenfcly  to  " 

: reduce  the"  lag  to  a : specified  value,'  The  action -is  analogous  to;  "a 
"DC. "motor.  Inertia  of  EHD  is  much,  less  than  •conventional  'device’s 
so  tha  t  for  most  •  applications  no  -problem  '.with  achieving.,  synchronism "> 
occurs,  '.However for  an  extreme  application ,  to.  exploit  ■  the  waxi- 
mum  response  capability  of  the  M3>, '  ep^ciai  electronic  techniques 
can  be  used.  '  The.  stepping  field  type  is  moot ' suitable  In  this' 
case,  wherein  self -stepping  can.  be.,  utilized.  By  this  means  the.  ac¬ 
tuator  would  continue  to  accelerate  the  load  up  to  commanded  speed,  .. 
.producing  a  positive  output  torque  regardless  of  the  extremity  of  • 
the  input  command,  and  succeeding  steps  would  he  initiated  In  ac¬ 
cordance  with  the  response.  i; 
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.For  the  high  performance  servo  application!-!,  the  wo Ight  advantage 
offered  by  low  inertia  actuators  is  so  large  that  actuators  of 
this  type,  such  as  hydraulic  and  clutching  servo  devises,  are  in¬ 
variably  used,  This  is  the  area  where  &&D  would  be  of  greatest 
value,  since  it  would  give  dynamic  performance  similar  to  hydraulie 
and.  clutching  servo  actuators  but  with  the  advantages  inherent  with 
variable  speed  electrical  devices  combined  with  Harmonic  Drive  pre¬ 
cision  speed  reduction. 

With  regard  to  hvitamtl-tn  thaw  imwiiw ■  «»*.».  '-tUi 

liability,  senaitlvity:  to  contamination,  severe  temperature  limi¬ 
tations  of  hydraulic  fluids,  and  the  weight  and  power  losses  of 
their  power  supplies.  The  reliability,  of  olutohing  types  .of 
electrical  servo  actuators  has  -'been  .-a-  concern  'in  many  oases.-'  -Alsoi 
the.  magnetic/ particles,  often  limit  the  .angle  at-  which  they  .may’ be' 
liilly  : applied,  The  cases" when  it  .  is;  Justified'  to  design  an  'actu¬ 
ator  ..specifically  for  'the-  application  •will  /generally.'  be  for  t ha  -high 
or  :  extreme  performance- ‘ servo .  applloatiohs,  where  -low  weight  is'  'very 
-important,  .The  major  .objective  might be  to  provide  a  power  lath 
-tha  t..  Just  exceeds,  the,  minimum  -rSquirenieh^  by  .0 ...  suitable ,.  safety  -  ' 

mai’gin,  and  drops  near  1/2  or.  below,  then  increasing  lira- 

.portance-  must-be  giver}  to.,  maximising  power  output.  -  It  should  be* 
pointed  out  that  maximizing  torque  is  beneficial  to  both  power-  '  • 
rate  and  power  output-,  ,-,1  . ■  .-■  :it .  /• r.{ " *  y//; 

It  i 

with  -  .. - 

regard  to-  power  rate ,  to .  weight 
over  ""  '  '  ‘  ’  ' 


.s,-re“-smphasi?ed  -that  .power-  rate  is  the  significant  parameter  ; 

.  i  -hegard  to  advancing  state-of-the-art1  of  sefvo  actuators';  •-•-  With 
regard-,  to-  power  rate  .to,  weight;  Effl>  is  about,  2  to •; XO  ."tiroes' :i-mppbVed  ■" 
aver  conventional  .forms  of.  electrical  actuators,  >;,S 

^-^gMarlbon,.of .  Model,:-  gHD-3-and  ^.cal-.-eonventicnal'  Biectrioal  . 
rtoEuaSsrs  under 'thelfainfl  Collections ' 

In  Table  xxii-is  presented  a--  cowiparlhon  bf';the.  tfiea'sured '''performance 
of  model  BHD **3  with  an  Inland  DC  tohque  motor  that  would  be  required 
to  do  the  same.  job.  with  the  same  loading,  factor-,. 

A©  shown  by.  Table  XXIX  the  Inland  torque  motor  has  about  twice  the 
i  h  loss  and  1  1/2  times  the  weight  of -the  Et-iD-3.  :  Another  factor 
is  that;.,  the  .EHD~3  gives-,  stepping  ''action  which  tsioapable.  of  greater- •' 
resolution-  and  accuracy  than  the IX?  motor;-' 

Also,. shown  in  Table  -  XXXI  are. -the  characteristic©  of  . -one  of  the 
higher-  power,  minimum  inertia  ^conventional  '-stepping  motors  ,  f  the  ■ : " 
largest  of  this  manufacturer's!  lino) /which  is  shown  to  ':b.e  .Ihade- ' 
quate  to  drive  the  load, 

Flight  Control  Actuation  Systems 

Surveys  were  made  of  typical-  flight  control' actuation  systems,  in¬ 
cluding  data  obtained  from  representatives  of  the  Flight  Control 
laboratory,  ASD.  As  a  result  it;  was  seen  that  a  tyoicaZ  load  might 
be  similar  to -the. lead  used  for  the  EHD-3  tests  except'  with  &  higher 
load  acceleration  which  is  more  typical  of  a  high  performance  appli¬ 
cation  as  defined  in  Section. a. 2,  However,  In  order  to  just  meet 
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0 , 1  kg-m^  »  1 . 0  lb .  in .  see ,  e‘ 


the  loan  oa^bilifey  or  tixo  conventional  actuator  chosen  (inland 
~'M  quo  motor  vjpo  ,P-lu004~A)  an  inertia  of  70®  of  the  test 
;ta  used.  Tn©  EHL-3  is  aoderatoly  underloaded* 

LOAD  CHARACTERISTICS 

,t'£, 

'4  "  o 

•  *  n 

■  —  ‘  1;<S  Tad/ bao «  «*  9*&  i*ptrj 

.  0L  .  »  S  r-f^ -.«•  2  it  (30).l  >190  rad/Bee  * ‘ (based  on  4  s  30  ops) 

;;■' ''v %/%,  .'»  .00553  -  sec,' '  t ..  ■  '  '  ■  '  .  V ■ 

%  •■*  • Ji.»L®L  “-  '(.9  watts  •/'/■.  .•/••  ' -"'.'v; 

:  .redid red  j  ,  *.  ,M$LA^m  i4;'5,kw/seo* 

'  actuator; -CHAMgTknisTros- ;", i  ’■ . >  >7 '-'t/  7  ./  ::'iy 

;  '  '•  ■ 

- . :.  ;EH£K3  ,  Ho  tor  .T^SOOleA*  ;.■■ 'Motor.  Xfig’Q 


^^.(gec^'K'vv  • 

£f(  .;  :  ■  .  00037  >»>’- V 

u003  ,  '  ?- 

Jv  •  ,006 .. 

‘  *07.  •  V*  1.  V- 

0.57.  ; 

0,,75- 

JWS.j/r/® 

/.i,  /'i;ybB5/;v  t/  ■•; 

2, 25-  '•  V.;; 

3 

?M  requiroa(v/f 

itt $)  •  C  -205*  :  / 

43  ; 

'  3f*-5’ 

%  •.  a  valiabie  (  v 

cat  bid-:  ■/  '  y&S-'f  7,  •■/;;  .'••" 

v. :  5  : 

required  .' 
;Sm  amllable 

o„  -ja  =•  ;// ' 

:-Q.'36.-V ;r_ 

7*3 

-  '  •  .  •, 

i/’fl  :T©  sa  (..watt  s 

'ieo:."  '--  '  / 

VfeiKht  .{l.b£f', } 

V'  :  -  S2  :  ■t  /;® 

32:  /•••'•>■; 

..•  7,8  i 

f  includes :  gear 

Ins  of  M> 

■7  .  ••x9iK 

•**in$luaes  a  H  1/3 tl  planetary  igearheadi  .’  I2R  lose  "hot  calculated 
aa  actuator'  is  inadequate.,  powerwlsc *  ■  .  •• 

2$jM jncii- COMPARISON  OF.  MODEL  EH1>~3  AMhTWfr  cd^VENTii&AL  L0¥  •  ' 

-inertia  electric  actuators  mmm  thf,  same  w*  ••"'• 

CONDITIONS.  ■/ 


130 


Table  ss;i  pres  sat;::  a  GGn&nelmAi  u.f  Uw«  low  uctuators.  ’.flxe  a»- 
suKiplIon  la  imde  hero  i;hnt  the  gearing  required  t>;v  the  Inland 
actuator  (a  ratio  of  3»1  to  1)  has  n  negligible  e?ff aofc  upon  total 
actuator  Inertia  and  baotelaHh-dsrived  non-linearities.  Thiu  soy 
not  be  true?  but  since  the  EHD  has  a  foxva  of  gearing,  thift  pro- 
video  a  conservative  coaparison.  The  large  advantage  in  regard  to 
weight  and  X*R  loss  for  the  EHD  are  shown  by  the  table. 

mm  CHARACTERISTICS 

JL  =.o*0T  kg~»?  ~  G. 62; .lb*  in i. sec. 2 

.■•’•  .3?£  w  ia  «ta  -100  lb. in,  .  .•:  -  „V..  •  *••  ,  , 

©r,  •**•  l.Of  rad/see..«  9.6 "'vpm 

•" ,;  "  Closed,  'loop  response  i  .1  db.  at  '-20.  ope:  •  ■  /'?  /■■ 

,.T£  w,-  ,0024  sec .  ■ . •. ■/ •  -• ,  •;•  : ■/  > 

• :  ©i  "  . feo  rad/s e o „ 2  I.;;',. ;.  -j  If"  ; 

P&  4lwabte  o //■ '  ';51  ./;'  :?/■' 

.  hi  min  >  (HinimiMi  p.pwfrr'  rate  required). *0 #9*  iw£a>e$v.; V; 


ACTUATOR  CHARACTERISTIC S 


\  ;  Pjj  rdijUirfed  (watt  a  )>:.■•. 
'  %■ ."available  {watts) 
Required 

•  ^''‘availabae .  ..  ■ 


■  ,  "Weight  ( ).ba, ) 


••  0.77 

■  8o 
22 


inland  Torque 
Kotor ' 
r-.l00Q4.-A* 


0.4  §6 

1050 

.110 


♦Based  on  neglecting  the  inertia  and  backlash  effect  of  supple¬ 
mentary  gearing  of  30/9-6  *  3*1  for  a  speed  of  30  rpm,- 


tabi-e 


r,E  xxm  -  COMPARISON  OP  K0DSL  EKD-3  AND  IjljUANo  TOROTE  MOTOR 
'  for  i  'iYPicir  AiHowBj'pRffii:  s/siW3irpfKCoi^'ioir' . ~ 
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EH'0  .was  also  o ompux*ed  to  .Diehl  AC  servo  motors,  whtoh  would  require* 
high--??atlo  gearing,  for  three  applications,  representative  of  on® 
low  perfcrt&ssjQ©  servo  ( lntssB8*ftf1.w )  where  ®bj  offers  no  •  advance 
end’  two  high  perfors&ance  type®  where  it  does  (computer  moor?  drum 
drive  and  a  missile  flap  drive).  An  analysis  -was  made  explaining1 


why  EHB  has -a  power  rate  several  order*  of  Magnitude  greater,  due 
to  the  fundamental  difference  between  radial  and  lateral  armature 
motion  in  the  air  gap.  (see  Appendix  X) 


hhU'flPP  T 

DK3im  AW> .  FBf?PORMANCE  FARAMSTfiRS 


7»1  Qeneral  ••' 

Ms  section  covers  various  supplementary  oonaideratlons  that 
a ao?@  or- less  common  to  all  EHD  types  tout  not  fundamental 
'enough',  to  be  included  In  Section  3* 

?'■•  2  '  Ratio  .-and  Gan 

Reduction  i%tl©  K,  is  'related  to  the  'total  radial  deflection  of 
a  point  d- ,.  7.  . 


%  -  §1 


(T'-l) 


But  /d"  1»  dependent;  upon  .the.  diametral  tooth  pitch 


>  -2. 

'  il) 


j  V  '  ,  V<  (T'”2) 


'Thus  '.-V  . 


,?he  air  gap  of  the  magnet  is proportional  to  "d”.  _  ’  •  *  ^r,c'-v 

v|t -la  .desirable  to;have  a  . small  V'  ^teoauee- this:  ■  :  ;  1 

(l)  Reduoea  the];  reluctance  and  hence  the  MF 
(ft)  ■  :Redu'oes  the  deflection  force  Pn  ' 


'Howeyep.j  if  the  d  ’  16  too  small*  ; .tolerances. •  -and  distortions. 

row”' 'tin©'  .ideal  shape  become  more,  significant  and; poor  tooth  '  .  -  ’ 

..action  may  result.  Also*  higher  ratio.'  results'  iri  lower  cutout ' 
speed;,  fpr.'.  a  parti'cttlaP  output', Speed*  /  #  ;;  V- .  •  ,  " 

Harmonic  .Dxnivp. 'had'  been  6ucdp^s|‘uliy'  made  'at  ' lOo  pitch  and 
Miller,  .tout  1GD  or  under  is  .more  commonly  .used, ■  After  codsl dera¬ 
tion:  of,  tftpj  parlous  factor#  the.  mines  selected  .for  the  EHI)  ... 
models  were. afcr  shown  In  Tab£#}g®?,'  •'  T" ■""■•  vlF-'..- 


PTj., 

d  ( in . ) 


% 

% 


•■'  ■' 


';  BHD-1,  #;;4i  /:V': 

■  ■  V  '  96  ;  :  ‘ 

’.:  ,0208 
"2,66 
128' 


EHP-3  ' 

96  ■■ 

...  .0208 
3  1/4 
156 


'nflRt.f?  Yvr\j 


WAnWAMTO  TOTirp  rifuTiJs  tarrn  «*/st»r»r.«» 
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T»3  Magnetic  Force  and  Material  Study  and  Sample  Pole  Tasia 

Basic  magnetic  circuit  proper  ties  show  that  magnetically  produced 
force  is  a  function  of  flux  density  squared.  •  With  this  fact  In 
mind,  early  investigation  was  undertaken  to  find  material  that  , 
operated  at  high  flux  densities*  but  required  low  magnetomotive 
force,  '.typical  versus  H  curves  for  ’a  variety  of  magnetic  nia- 
.teriald  were  studied.  One  'of .the  move  modern  materials  developed; 
by  the  Bell  Laboratories  called  'Vanadium  Perroendur  ( Reference  3) 
appeared  to  have'  the  -  heat  ..overall  characteristic^.  This  is' shown: 
in  Figure .63,  which  gives  typical  curves  for  the  magnetic  material 
most  commonly  used  in  similar  applications.  It  was _ -"decided  that  , 
some  testing;  of the.: material'"' should;'. '.be  undertaken  to  'determine  if 
it  was  adaptable  ito  the  .proposed  .use  -.liv.  the  aotuathr.,.:  Being  a 
relatively  new  material,  little  \literatu,r6'-.-wa^.,'.,'a!Vail.abi'e  relative 
to  its-:  properties  in  actual  dppl'icatlQris.  The  primary  source)'-./,'" 
Arnold  Briisihcerirtg,  produces,  small  -  quantities  but  has  .  limited  •'ap-h 
plication  .data, such  -as  was  required  fox*.”  tfriler  'program-  •- ( Reference-.  • 


In  an.  attempt,  to  use  the  material  'properly,,  '' it..' warded idie'd  to”  .1 
build  ..up,  a  sample  pole;  piece  with /  standard  configurations;  so,  that 
useful  irieusufenierits  .could  be  made,'/  Any  discrepartoieg.  between  ■  V'-1/ 
:  fchedrbtical  - and  acfcual  'figures,  could  then  be  studied  add  '  o/dc ter*/ 
,  mi.nafcioh  mddh  as:  .'to /the:  Slgnifioande.  of  j  thd  disoreparioy  . ,  ;The 
pole- " s'hapV chos',en''waa'" ah " *’S"  stack-  with  '.a: ■. central ■’  ooil  of  100 ■..- 
.  turns'4  see/Flgure  ,64} .  -  The  414  'Keeper  --wad./trio^infeed  'pn .  a.-'moyirlg; "  - 
rod/::  The  hod  was  then  attached  to  a  ,gpririg  .s:dald/so  -bhitlforoe  - 
mo&surerae  nts ...  doi/id  be  made .  • '  Measurements./  o,f;''-ctiyv'en^;'.''Verssu8  fore  e. 


bo. 

the 


Voi'os.e/,  for  various- airgap  lengths,  were  made.  •  Figure  65  shows 
>e  reaul'ts.,'  together  y/i  tin'  the  ••theoretical., force to- open  our^e.  /.' 


Initial  feats;  did-'  not  agree,  with  the  theoretical  reaultt  by,  a  ,-.  ■ 
wide  margin  as  d'an,  be  "seen  in '.figure  65*  and  a,  ■'•c6nf.ereh.oo  .was 
held  be.-tW.een: -the  'Arnold  Engine oiling  ’staff  at  /Morhngo,  Illinois 
and  a  rsprehsntdt'iye  of  United  Shoe  'Machinery./  The:’  results'  of  ■  ■/  / 
this:  uodference  wab-  that  Arnold. /'Bu'epoe bed  degradation ;  from  the 
haH'diing;'  tebhhiqu'd/u'sed  :'dn;.  fc hd  ',ahnealed  pidoes  By' /the  'tfahdf dfwpf. 
compahy 'v/hieh  had  ddhe  the  sample  pole  "assembly  work:  Arnold  had; 
previously  'determined  that  ahndkied  Vanadium  Peivnendur  Mmina-  s 
tidnU-''&st  -W,  ■carefully  bonded  at  sub-freealng  temperatures  In 
Order  to  maintain -.- their  superior  .magnetic;  properties .  The 
Arnold  Engineer's  further.*  Indioa, ted  that  .a  flux,  density  of  at 
least  2/3  webers/Aq,  meter  would,  be: readily  obtainable  with  pro¬ 
per 'treatment,  arid  care  of  the  finished  part 3 .  United  accepted 
this  explanation'  and  decided  .to -have .Arnold  do  all -future-  treat¬ 
ing  and  assembly  of.  magnetic  material.  Thus,  the  sample  pole 
tests,  were  most  useful  .in  pointing  out  a  basic  consideration  that 
otherwise  might  not  hive  been  discovered  in  time  to  factor  Into,  ' 
the  laboratory  model. 
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Other  facts  that  ..w 
p i* op x7 1> 5.  5  of  i/I'ip 


ere  first  thought  to  have 

...  ......  _  -  .  ...  1  ™  .  .  i  •'  «  *-  -  A 

K>  riU  I  Jj  J,  «£S  IJ  *.»  O'  CX-h  V  t%o  .  h . ,%  fit  V  i  -•■  *-*. 


changed  the  magnetic 

*»-.  •■  i 

?jO. A *.-fW  * 


fl)  Surface  grinding  of ' mating  surfaces 

(2)  Fringing  and  leakage  flux 

(3)  Improper  heat  treating 

(4)  .1*003?  pole  configuration 


It  'now  appears  that  none' of  these  items  affect  the  magnetic  pro¬ 
perties  to  any  significant  amount.  This  is  borne  out  toy  the  high- 
stall  torque  the  actuator  exhibits,  which,  is  an  Indirect  measure- 


i!l«U  o  Oj 


the  static  magnetic  circuit  properties. 


7*4  Speed' and  Power  Output . 

7.4.1  Maximum  Speed  and.  'Power  Output  -  Maximum  speed  capability 
'of' ' 'ifis^Fn^ype .-is  discuase37 i"n . SeotXon  4.5. 


•$he  RF  types- are  inuo,h; simpler  electrically-  as  standard  AG  power- :. 
■Is  directly  applied  for  constant  speed  applications,  or  on-off ' 
type'  servos-.  -Wbde3a  EDS>~1  and  S  •were  -tried'  at  4QQ. ops  'and  115  V 
.but  did  not  operate-,  {'Possibly,  higher  voltage  might  have  . helped, 
but  was'nbt  tried)..  Therefore,  the  other  available,  frequency  ,(60 
ops,  1/7', of  400 )  was  used.  ;  If  the  increased. speed. Warrants  the. 
complexity  in. the  .future,  circuits  might  be  , used' that  generate. 
120  cps  or  other  harmonics  of  60  ore  the  SCO  cps  sub-harmonics  of 
"400 .  .  Square- Mve' inputs '  that  such  circuits  would  probably  entail 
should  not  degrade  performance.  .' 


t 


Wien  higher  speeds  are "attained,  the  same  factors  that  limit  the 
SF  type  come -fo.  bear , .as  discussed  in  Section  4,5. 

•Power  output.  3  3  given  by  ;  .,,  ... 

if,  :  .  -..;  ■  •  '.  ,7  •■  (7-4) 

Up  to  the' point  whdre 'Tm  - is.  independent : of-' speed  PG  obviously  is 
directly  increased  by  'increases  in  speed. .  .  After,  tfil.s  ' point,  due 
.  to  the*  effects, :<?£’■'  increased  speed  and  inertia'  discussed  above,  •  • 

•  it  is  expected  that' Tim  would  decrease,  and  that  approximately  . 
constant. might  be  'expected.',..  This  assumption  ..enables  oalcula-  ' 
ting  torque  '-.and  power- '-'rate  'for.  any  desired  .  speed, :  ■ ,  •■dip  testing- 


■  dong?  was  iiOy  suj  'x  .Luiieno  '•  cp  utsf  rr'iftx n6  wi#  •  y  ii&ng&p /wi*  * ' 


•7.4,2  Mihiifidwi  Speed  -7.  As'  all  'BED  devices  ■’‘discussed  Up  fed  'this  . 
point  are"  Bynchyqnous,,  aetuators,  minimum  speed  depends  only  upon 
the  ihput  frequency  or  pulse  repetition  rate*  whioli'  is  •capable 
■of  being "  reduced;  to '  as  small  a  value  that  could -be  desired,  de,r 
pending  on  the  type  of  frequency  standard  employed, 

7.4, 3  Variable  Speed  -.  For'  tho  RF  type,  variable  "speed  requires 
:.a  Bourne,  of "varlabia^frfequehcy  polyphase  power,,  whose  voltage 
increases  with  frequency  to  produce  constant  flux." 7  If  the  device 
is  two-phase p  this  might  be  done  with  0  free-running  multi' Vibrator 
circuit  with  feedback  voltage  adjustment. 


Since  the  SI?  type  is  a  digital  actuator  requiring  logic  circuitry* 
this  requires  only  a  means  of  changing  the  input  pulse  repetition 
rat©. 

The  exception  to  synchronous  action  would  he  the  us©  of  a  self- 
stepping  mode  o,f  operation,  discussed  in- Section  10.2, 

rl«  5  Output  Element 

There.’  are  two  major  factors  detewni ning  whether  the  .fXoxcpiinc  or 
the  circular  spline  should  be  the  output  element.  These  are  pre-' 
dicated  upon  the  constraint  that  if  the  magnetic  forces  arc  uni¬ 
directional,  the  teeth  should  .be  on  the  same  hid®  of  the, flexspllne 
as  the  magnets. 

(1)  There  is  considerably  more. space  outside  the  flexsplin©  to 
place  the  fixed  parts  of  the  magnetic/ circuit *  ..and  thus  the  '"/ 
flexspiine  was • designed  with . external  teeth/  making .the  'elr--. 
cular  spline  lie  around  it,  It  is  far  easier  and  results' 

in.  lesa  total  Inertia  to,  attach  the  circular  spline  to  the 
housing' and  ooupl4  the  fi exspline  td  the  .output  shaft.  /  :/ 

(2)  It  is- "considered  desirable-'  to  have' 'relatively'  little  tan-  • 

ge'nfeial  motion”  between  the  magnet  pole.,  faces.,  and  the.:  parti cu*- 
lar  armature .  elements  with  ■which  they  are  wQilclng/  '  This  is 
dependent  upon  .the  maximum  power  angle.  ".Plexapline. .frahgen-'.- 
tial  velocity,  is  the  sum  of  its .  harmbiiio  variation  from,  zero 
to  twice  output  velocity  plus  the  circular  spline  velocity,/ 
Thus //relative  to  the  housing  which  holds.;’ the  magnets,'  It 
varies  ao  shown  In  Table-  XXV/  '  """  ’  '  ' 


Fixed.  Circular  Spline  Fixed  Plexapline  •• 
I - - - - - r~ - r-r---r— t-r—i 


Variation  of  the  .//:  ..-■  .  . 

flexSpline.  tangem-l 
tial  velocity  re¬ 
lative  to  the  " 
housing  . 

O’  at  P  .  to 

a  o<-t  c<.l  <5  ~  c}o'' 

£>0  .  «dt .  & ;;-  ;0  ip 

htV’Vt  6  =.:<\cn 

Pressure  Angie  ’;/;  "  / 

30°  .  ■ 

”  .  30°  •  ■ 

■  eop  / 

-  30° 

Maximum  power  angle, 

.  ;  2i°.  : 

0 

'  .  .27  •: 

•  21° 

Variation  of.  the  flex-' 

0  pi.#- O' 

O’  ci.i>  <5  “.**'*’. 

--A};  lit  CS  -•  O 

~&a  <&£*o 

spline  tangential  velo¬ 
city  relative  to  the 

to 

.  ’,c 

to 

to 

housing  up  to  the  maximum 
power  angle 

o.h  4  ct  4* 

a  r?A  f  t  4i 

-0,i  b0:a*  4^ 

4“^4: 

Average  flexspline*  tangen¬ 
tial  velocity  relative  to 

.  ....  .. 

.i  tr  /• 

.  Lh  *r  J  t 

f  .  •  .  . 

.  -  ■:  - 

... 

■csjs&t. . 

", 

'  'el'll 

housing  ! 

tabDF  xW  "HfcLkfnrk  velocities  0p  16 

ffiRGHWISU 

'W’lraisw'fTi  ~ 
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She  fixes  circular  spline  ia  somewhat  better,  but  either  would 
probably  be  saf.igfaatopy  in  this  regards 

If  the  above  constraint  need  nob  be  adhered  to,  it  might  b© 
possible  to  use  internal  flexapl'ine  teeth.  In  this  ease,  the 
flaxapline  teeth  would  eontaot  an  internal  olwulir  spline  at 
the  minor  axis,  and  the  driving  forces  would  be  sating  in  a 
direction  radially  opposing  the  direction  in  whiah  the  shape 
deflects  into  tooth  engagement.  Use  of  an  internal  circular  -; 
spline  and  making  it  the  output  member  results  in- somewhat  leas 
inertia  than  if  the  fl@xep3.ine  or  an'- external  circular  spline  : 
are  the  output  members..  However,  the  reduction  in  inertia  is  ■ 
not  great,  and. the  possibility  of  .shape  distortion  wakes ’.experi 
mentation'  with  /this  opnsept  questionable.'' 


omTim  8 

HOPEI.  DESIGN  AMD  MAStJlIFAC'JHJHING 


6al  Conf iguration  and  Sizing 

The  BF  type  configurations  were  selected  and  designed  to  utilise 
standard  purchased  motor  stators  and  housings* . thereby  saving  on 
cost.  For  models  KHh-g  an  .d  4  a  ball  -  shaped  -'metal  flex©,.  -line  "m& 
used  to  obtain  parallel  motion  and  com  tant  'deflection  at '.the., 
teeth  and  within  the  air  gap.  Another  advantage  of  the  bell  shape 
propounded  by  some  authorities',  but  not  as  yet  confirmed.  Is  that 
it  resists-  shape  distortion.  Using  an.  available  structure,  it 
was  -necessary  to  have-  the  field  rewound  to  provide  -space  for 
placing  the . circular  spline  as  near  to  the  stator  as-  possible; 

Model  EHD-lj,  made  to  observe  general  powder  action,  used  this' 
saw©,  stator  -  and  a-  simple --toothless  flexeup  made  of  a  plastic" 
sheet . rolled  'and  welded, 

The  configuration  selected  for  the  SF  model  (EHD-3)  was  the  re,*”- 
..  suit  "of  comparing  many  alternate  approaches.  The  design  -eliminates 
metallic,  flexspline  material, from  the  air  gap  and  provides  force 
magnification,  but  at  a  resulting  magnification  in  gap  size.  A, 
ctup  shape 'was.  used  because  its  coning  conformed  to  the  levers  and  ... . 
is ' easier  to  .manufacture.  The  size  was" generally-  selected  based, 
upon  the  analysis  for  a  power  output  of  approximately  100  watts, 

-A  standard  Harmonic  Drive  pitch  diameter  of  3  1/4"  was  used. 

Other  configurations  considered  were:  ■  ' 

(1)  Magnets  positioned  to  pull  through  the  f lexspline. -'  This  ' 

. -results’  in  high  edd;y  current  problems  -unless  a  plastic' 

f lexspline  is  utilized.  -For.  this  case,  response  and  speed 
would  have  to  be  reduced  and  losses  would  be  greater, 

(2)  'Magnets  positioned  to  puli  against  T-shapdd  armature  pieces- 
that  project  .through,  slots  in  the  flexspline.  .This  Only 

;  partly' •  eliminates  the*  eddy  PUrrent  problem  due .  to  the  maxi-  - 
mum  practical-  size  -of  slots  further,  .  it  is  quite  . complioated. 

.  design-wise.  '  ...  -•  .  -. '  w,.1-  i  ■; :  :r  :-v  '•• 

(3)  Concept  (l)  or  (&)  -above  .plus  magnets  positioned  to .■  puli  ’dti-  -. 
reotXy  upon  an  -extension, of  the  ..same  armature  that -work  with 
the  other  magnate. 7 This  ‘allows  the  'magnet's  ..to, be  '.'Staggered,' . , 

■77  7  thereby  decreasing  the  torque  .fluctuation  'for  steady-state  .. 

:  .  '  load  appl  lea  t  ion's  >  - .77  7.  : 7.  ’ 7  ■ ; 

(4)  'One  -similar  to  concept  (3)  except  that  the  flexspline.  has  a 
so-called  castellated  coupling  or  dynamic  spline  connected  .  .- 
to  the  output  shaft  •  through  a.  rigid',  diaphragm,  containing 
slots  for  the  armatures,  -  .(See  Figure  66-A),  ’ ' 
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(B)  BIDIRKGTICKAL.  CRANK  OUTSIDE... 


FIGURE  66  ALTERJiATli  COLOURATIONS 
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(5)  A  crank  type  e£  armature  (ay. oh  a*  Figure  66  B  ami  c),  which 
offers!  the  possibility  of  exerting  Mdiroof tonal  forces. 

This?  concept  lies  between  the  external  polarized  armature 
configuration  (see  Section  3}  and  the  armature  integrated 
with  the  flexspline  which  gives  the  preferred  distributed 
forces,  The  torque  loading  produced  by  practical  size  arma¬ 
ture  a  due  to  the  doubling  cf  forces  may  produce  excessive 
shape  distortion.  Also,  it  is . considerably  snore  complicated 
design wise  and  is  likely  to  have  greater  dynamic  problems 
(resonances  and  shock  and  vibration  vulnerabilities ) . 

'(6)  Magnets  positioned  to  pull  against'  small  armature  slugs  con¬ 
taining  slots  at  each  end  of  which  the  shell  of  the  flex- 
spline  and  the  cylindrical  portion  containing  the  teeth  are 
• respectively  placed.  .  ■  -  . 

{'! 5  An  entirely  different  concept  in  which  the  flexible  element 
Is  not  a  .  cup.  or  bell  shape,  but  Just . a  deformed  disc  ..oonH  ':■■.' 
talning  teeth  on.  either  .. or  both  sides.  .The  ;e  are  made  to 
..."  .mate  with  one,  or. more  rigid-  face  gears  when  deflected  axl* 

'  1  "“'-ally  by  magnets  which  .attract  armature  material  attached' 'to 
the  outer  diameter:  of  the  disc.  A  Careful  study  .was-  made' 

...  •  ../■of::  this  approach  as  it  might  rftdu.ee  the'  size  of  the  acbua-  . 

•  tor  and  produce  'high- torque  output  .dud  to  its  iafge-diatheter 
*•  i-panoafce-type .  configuration.  This  appears  as  Appendix  TUX-. 
The  analysis  indicated  that  the  axial  motion  must  be  quite . 
large  in  order  to  use  teeth.  To  keep  stresses  reasonable,, 
a  very ..  thin.-  disc  is  therefore ; -required,  which  would -have  a- 
• . very  low  torque  rating. 

Deflection  can  be  less  if  .teeth  are.  hot  used  but  torques, 
accuracy,  and  linearity  would  fall  off  as.  occurs  when  re¬ 
liance.  is  placed  on  a  friction,  drive. 

8.2  Magnet  Design  >  SF  T.yb5  .”.  ....  •  -  •  .  .  ■’.••■  r  . 

In1,  addition  . to  the.Voonslder&tlons ".covered'’  in, ’Section  '4/ "attention 
war”given  to i  .  ‘  '.dfl/'u’';  V-  -. ■  3-,v:  "v-.f 

vanadium  permepduf *  • 


(X)  Mechanical  properties  of 
(S)„  ...Pdle  tip  oldmpa.  i  :  . 


Fortunately,  vanadium  pertoeftdur  -has'  gbod. mechanical  properties 
even.’. in.  the  a’ririealed  state  and,  is  suitable,,  for  .being,  used  , as  ■ 

fehS;., aymatur©  of  'power  magneto  at  considerable  'stress  level®.  In** 
yesVigatJon  sled 'disclosed  that  impact, "such, as '  occurs^ between  : 
the  armature  and-  the ; pole  face,-  -does  -  hot  .degrade  its ■  magnetic 
properties.  Thf?  parallel  flu*  path’s:  through  the  lamination  pro.** 
■duce  repulsion  forces.  To.  keep., the' laminated  pole  tips ’'froip  ■ 
separating,  a  ..series-  of  non- magnetic  clamps;  were  placed  between 
the  legs  "of  each '.magpet .•'•’'SHits  has.  worked  out  well.  -’ 

8,3  -'Armature  Design  ~  Rp.  Type  '  :  ' 


Th..«  m-iiup  type,  utilizing  powder  'and  a  laminated  core,  involved 
consideration  of: 


(1 )  Sise  and  material  of  powder  particles 
^2  j  ljU.bi.* leant  addition  to  the  j>owdor 
(.3)  Clearance  between  floxapline  and  sere 
i'4)  sixap©  of  "teeth"  of  the  core 
(5)  Restriction  of  the  powder  to  fcb«  gap 

It  has  been  found  from  test  that  particles  of  about  5  jails  In  dia¬ 
meter,  much  coarser  than  carbonyl  E  (0.1  to  0.5  mil  sisse)  tried 
initially,  performs  boot.  Very  small  particles  pack  together,  and 
i afn  the  operation.  it  Is  believed,  that  about  3  mil  would  be  even 
better,  and  preferably  spherl cal-like  carbonyl  powder,  as  opposed 
to  the  random  shapes  of  the.  coarse -grit  powder  used.  Lubricant 
additions  (oil  and/or  molybdenum  disulphide)  were  tried  and  -Ira-  ■ 
proved  operation  with-  the  coarse  powder,  but  gave  ho  detectable : im¬ 
provement  with  the  fine.  The core "teeth”  were  shaped  with  a  flat 
top  about  0.100"  wide.  Radial  clearance -was  about  )o8o",  although 
it  -Is  -believed  that  a  smaller  -clearance  would  be  an  ingjrovement .  ■ 

To  maintain  the  powder  in  the  gap  spaces,  thereby' preventing  it;  •«.  ■ 
from  either  getting  into  the  air  gap  or  stiffening  the  flexible 
-shell-  (both  problems  were  encountered),  diaphragms  composed • of  a  ■ 
flexible  rubber  ring  over  a  dirk .were,  used  -on  each ' side  at  the  gap. 
Whey  did  not  appreciably  stiffen  the  ,fl exspline.  ■ 

The  1KD-4  type  utilising  the  linked  armature/  involved  manufacture 
ing  a:  multiple  number  of  identical  .'links  With  mating  oohcav'e/o'onyex , 
ends  and'  outer  edges  rounded  to  fit  the. flexapline.  To  provide  the 
highest  air  gap  flux  density,  they  were  made  from  .vanadk us  permendur 
They  were  first  stamped  by  a  die,  then  bonded..  The  individual  ia»i? 
nations  did  not.  remain,  aligned  and  there  was  also  extra  flash  from 
the' bonding  operation.  To  improve  the  surface,'  hand  scraping'  was  - 
tried.  It  is  believed  that  the  portions  of  the .adhesive  that:  re¬ 
mained  x  aided  in  preventing  higher ' frictional  forces.  As  assembled,’ 
the " model  •  had  a  total  circumferential  clearance ' -between  links  .-of" 
about-  3/3.: 6  inch,,  which  undoubtedly  affected  the  performance  ob¬ 
tained  during  test.  The.  selection  of  radial  thickness  and  twaubier . • . 
of  links  wits  baaed  ..Oh  good,  design  proportion®, --ps  well  "as-. the  '  .•  * 

•analysis  relating  flux  density '  at  the  gap  to  '.the  radial  thickness- 
of: the  links.  After  initial  operation','  the’  unit  was' disassembled 
to  experiment  with  'additions  of.  lubricant!/  It  was  observed-  that 
the  laminations  .had  become  -  considerably  detached,  to  the  degree 
that' it • was  not' practical  to  reassemble"  them  without  additional 
assembly  fixtures.  Repulsion  forces  created  by  . the  parallel,  flux, 
paths,  plus  impact  and  vibration,  -  -probably-' caused  this  detachment,  - 
'The  type-  of  bonding  that  is  required  to  avoid,  degrading  the  mag- 
msbie  properties  does  ,  not-  give,  a  strong-  bond t  r  . 

One  improvement  -that  might .be.  considered  -la'  to ' ley  the  die -stamped 
laminations  side  by  side,-  without  bonding*  itt  &  staggered: fashioh 
thereby  distributing '  tho  inter -link'  air  gape,-  'Using”  end  disks  .'and' 
an  inner  spool  to  keep  -  the  -  assembly  '.together.  - 

6, 4 ,  Harmonic  Drive  Reduction  Ratio  ... 

The  reasons  for . the  selection  of  pitch  diameter,  pressure,  angle, 
diametral  pitch,  and  tooth  length  have  been  covered  in  other 
sections  of  this  report. 
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The  oufcp' 
fastcnin, 
K>t  her*. 


shafts  of  all  i£HD  types  were  made  tloub 3, a -ended  to  enable 
i’ansducoro  to  one  end,  with  the  load  attached  to  the 


The  housing  of ' the  BBDD-3  was  designed  as  an  aluminum  casting  to 
simplify  manufacture:  and  reduce  weight ♦  -£v©n-so,  conservatism 
In  design  was  used  to  avoid  having  problems  with  the  housing.  • It 
is  believed  that  .significant . light-weighting  for -this  'size  unit 
can  be  done.  Standard • servo .mounting  features  were " incorporated' 
in  the  model.  The  shaft  extension  at  the  magnet  end  was  selected 
•  to  be  used  for-  attaching  to  the  load  for  two.  reasons j  a  mounting- 
'  flange  at  this  end  can,.- have a  larger  diameter,  which  increases  I  1 
mounting  rigidity;  and'  the  welghtg-overhangiiig  the  mounting.  support 
■  is  leas.  .  However,  the  5/8'",  long.' shaft  permits  .-considerable  . 
wind-up  ..which,  ’in  eon.3unbf4.on  with  ..high:  -.load;-  inertia,  can  result 
in  cut«off-  frequencies  that,  tend  to..  limit -dynamic  performance,,  '  . 
She-'  solution-  ••involves  -either  stiffening'  the  shaft  *  '.a  '.minor  change, 
-or  revising  the  design-  to-  'attach  loads'  to  the other  end.  -t" 


SECTION  9 

TESTIKii  AND  TEST  METHODS 


As  explained  in  the  introduction,  test  results  are  Integrated  with 
the  theory  in  sections  4  and  5.  This  section  briefly  describes 
the  tests,  tost  equipment,  and  methods  in  general. 

Because  the  EHD-3  SF  type  is  the  primary  model  all  five  contractually- 
specified  teats  were  performed,  on  It,  as  well  as  -  others,  that  were 
considered,  worthwhile.  •  jichhode  gvid  r»Apui t-.a  »p*  discussed  in  Section 
>x,  '"  '  . ,  " 

All .BrtD  models  .were  tested  .for  output  speed;  hysteresis  and  other 
losses,  .input  voltage,;  current  and' -.power  '.at  various  torque  loads, 
including  the  maximum  .'steady  torque .  load  -  allowable,  without •  ratchet-  '■ 
ing;  winding  resistance;'  and,  weight*  ;  As  previous  discussion, .  has-  :. 
stated,  acceleration,  of  the  'iMrtia  of  the  loading  device  signifi™ 

,  oantly.  increases'  the  torque  load  on  the  SF  type..  ..However*.  with  the  -  . 
HF  types,  which  are  synchronous,  not  stepping,  deV.1  ons,  this  In¬ 
ertia  does  not  contribute  to  “the.  total  load  for  constant  speed  - 
testing*  "•  -  ■  . .  .- ... . ..  './'=■■  ,;f 

■  With  the  RF  types  -  measurements  ..were  made  at  $0  op©  input;,  -after-"'. 

'400  -ops  was  seen.  to',  be  '.excessive  for  fche.se  particular  -design®. 

Results  are  discussed;  in.  .Section  3. 

The • teat  methods- and  equipment  used  all  followed  modern,  engineer¬ 
ing  practices,  so  only  brief  descriptions'  will-  be  .given.  These 
have  also  been  discussed  in- Sections  4  and  5.  It  :1s  believed  that 
from . thin  discussion  the  tests  and  results  could  be  duplicated  by. 
other  workers.  '- 


■For  the  3P.. type,  (SHD-3;) .only 


Tost 


General  Method  and  Equipment 


Frequency  .Response  .  Input-audio  oscillator;  output 

transducer-film  type  potentiometer, 
dual  beam  oscilloscope,  camera. 

Resolution  Light  beam  reflected  off  a  mirror 

fastened  to  the  output  shaft,  angle 
measured  at  about  30  feet. 

Repeatability  -  (1)  The  variation' in  output  posi¬ 

tion,  measured  in  the  resolution  tost, 
for  different  number  of  steps,  -final 
step  selection,  and  direction  of 

approach* 

- 1 . . 

(2)  Any  change  in  the  general  opera¬ 
ting.  capability -at  different  times 
following  periods  of  non -operation  , 
and/or  disassembly. 
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l^iyor&ture  Rise  i'he.-moeoupl©  wedged  against  the 

coil. 

Backlash  Change  In  the  rending  of  a  dial  incti- 

0 P  t  O  **  Whi Ch  i5w{,n'ii  agsj ii S  (,  iVi  X fci ’/ 0),‘ 

attached  to  the  output  shaft,  when  tho 
shaft  is  moved  through  ito  frce'-play 
angle.,  • 

Holding,  Torque  with  Application  of  static  torque  to  a 

constant  JXS  Input  lever,  attached  to  th©  output  shaft, 

through  a  spring  scale. 

Aopust£c '  Hole© '  •  Acoustic  .noise  water  . 

For  Both :the  S3?  tp>e .  (MD~3)  and  the  gg  types  .  .  .  , 

Output  speed  Tlsiing  of  5  to  10  revolutions .  by  0  1 

■  •  stop  watch  . 

Hysteresis  am  other  Magnetic  particle  clutch,  with  dyne* 

losses,  •  input  voltage,  moiueter  seal.©,  electrical',  waters, 

current, ■ and  power,  at 
various  torque  loads. 

Winding  resistance  oiunweter 

Weight  Weighing  seal© 


SBC’TIuH  10 
SCALING 


Calculations  of  the  significant  performance  characteristics  of 
the  two  basic  'typos  of  JsHD  actuators  are  covered  in  Sections  4 
and  3,  In  this  section  it  is  shown  that  these ‘characteristics 
can.  be  related  to  pitch  diameter  in  a  generalised  fora  whereby 
approximate  performance  predictions  can  do  made  for  actuators 
of  any  practical  size.  The  results  appear  In  Table  XXVI  as  a 
function  of  pitch  diameter...  In  applying,,  these  -sealing  factors, 
values  of  performance,  at  some-  basic-' diameter  are  required »■■  For 
..  the.  S.F. . type ,. the  performance  of  Model  ElffO-3  ip.  used  except -that 
stepping  rate  is  raised  to  :1000  sfcop/sesi ,  .represent lag ' i.25 
-  oyclea/sec;  magnet ' frequency  and.  S2f  rpin  output.  This’’ is'-  be¬ 
lieved,  .-practical ■  through* further. deveiopmant .  For  the  KF  type ,- 
>  the  theoretical ' performance'-  of  -Model  -EBD--3,  modified  as  dis-- 
cussed  ip  .  Section  p>  is  used,. 

The  following  basic  constraints  hold  for  any  dip,  -  .(Phase.,  plus 
.  -the  values,  of  the  -scaling  -cPnatra-ints,  are  shown-  in .  Table  XXVII. 

(!)  Deflection  "d"  (and  hence  -diametral- 'pitch) 'remains''..' the 
-•same  ah  the  laboratory .-'mode  1  s  i '. -thus ’ratio  Rg  is  -'directly 
proportional  to  Dp,  and  output  speed  varies,  invernsiy- 
."  ...  -  -  with  Dp  for  const&ht  input-  frequency,  ; 

(2)  Feak  current  remains'  the  same--  as  .present  ‘mochilsv  ■  '. 

(3)  Wire- •■size  remains  the  same" 

.  -  .  -  ■  ’  '  -  '  ,/*j  .  .  it< 

(.4}  '  Flux  density  remains  the  same  (taken  as  2,2  webers/WF. 
for  the  SF  type,  -  C-.80  for.  the  -RP.; type) .  , 

.;(5 )..  .'%  { shape  factor).  =  1.’  -  -  >'  - ;V-u.  ";  . 

(6)  There  arc  16  magnets  for  ■  the  .'SB'.  ,typ&  and  24  stator  pole 

-  teeth  for  the  RF  type.  " 

(7)  •  llwf  circumferential  clearance  between  magnets  dr  poles  is. 

■  O.250"  for  the  SF  type,  and  0,1.70”  for  the  RF  type. 

,..  In.  general,  to  obtain  peak  torque,  the  approximate  order,  of  HS'gni 
tude'  will  result  '.if  -  mean  -torque  Tm  is  doubled, 

Voltage  given  Is  peak  for  the  SF  types  and  RMS  for  the  Rj?  types. 
It  is  '-only  •  approximate  . due  to  -various  uncertainties  discussed 
earlier  in  the  repot t,  .  ’ 

If  it; is  advisable  to  consider  the  special  design  of  a  RF  type 
for  400  ops  input  frequency, '  the  compromises  required  -to'- obtain" 
such  speed  would  upset  the  scaling  factors  •  given,  and  .a '.separate 

y* ?Js ?Z  J_ V' (5  ig  2  d  be 
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Table  XXVIt. 


are  given  in 


Jk.ite  that  power  rave 
11)3  factor'  enters. 

Tire  practical  limit 3 
factors s 


ie  normal  ‘i.y  express' sw5  in  kw/see  so  that  a 


(i)  Input,  frequency  should  not  exceed  natural  frequency,  which 
decreases  with  flu.  (See  Appendix  IX.)  This  should  be 
checked  for  any  design  of  interest, 

(a)  ’•Deflection  force  becomes  very  significant  below  %  of 
1  5/8" .  (See  Appendix  III.-) 

As  an  example  of  how  these’  sealing  "factors  hr  e  used, .  Table  XXVIII 
presents  the  theoretical' characteristics; of  a  5-inch  diameter 
stepping  type  actuator,..  A  power  rate  . of  1100-  Jevr/seo. ,  -  for  a 
single  step,  is  indicated.  _••  *-  .  ■ ;  ■■  ,  1  •• 
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SECTION  ju 


ADVANCEP  WfiS IUK  CONCEPTS 


1J.  -  3.  Ctoneral 

This  section  covers  suggestions  for  Improvements', 
in  two  categories j 


They  are  placed 


ideas  generated  from  testing,  evaluation  of  tests,  and  con¬ 
tinuing  analysis  during  the  project ,  that  might  improve  the 
laboratory  models . 


Ideas.-  that  were  purpose! y  not  -included  In  the  mode' 
of  the  objective  of  proving  feasibility/  hot  mentis 


the  models  because 
lot  meeting;  second¬ 


ary  objectives'  such , as  military  emiro^smehts  and  low ;  cost. 

Although  some-  of  theo«  have.  beep.  introduced  earlier  in  this  -report  ,, 

.  they,  are  sumaiarizea  here'-. for  .oon|>letenec.9 ; .  .■  ?•/  ..■■■■■ 

ljUg  Mfodlfie&tlcns  to  laboratory  Models  v .  ”  ;• ;  ’  --v”  '■'•"/■>  ■ • 

i  j. '  Keif  "Stepping  -'  3>  the  •present  'fora;  -bath-  the .-SF-  s,hd\:RS? '■  de- , 
viobs  to  operate  .at -a  ophotn.-i,  avorpgo  output  apeed, 

for  .fixed  input  frequency,  .from  ssOro  up  to.- rated  load.  Thus  fc lay 
are-  both  synchronous  devices.  Moot ' conventional  synchronous  .motors 
.{ reluctance ,  uy.oteresis  and  wound .  rotor)  have'  'the  capability-  of  ' 

'ad ting  ao: 'induction -motors  -to-. accelerate  up  to  ay nchrohojis;  speed: 
under,,  some  1  lad.  .  Moat  stepping-  mo  tor  &  can  lose ,  step:  and' a  till  hot 
.  be  damaged’.  •. -  However,  if  is  not  understood  ,wh*>  v .  damaging:  effects, 
might  occur  if  the  Harmonic  Drive  -devioeo :  due  to  load,  were  to  .-, 
opera- to:  below.,  synchronous  speed.  One  possibility  is  that  the  teeth 
may  . disengage,  with  the  unit  running,  -as  .a  friction  drive  during 
this  ■  transient-  period,  Possibly  friction  in" the  teeth  might-  '&ain-  " 
fain  engagement,  or  .th-'-  tooth  may  -ratchet" and.'  fail'.  ...ifri±3\' subject ' 

.  is. '  particularly .'important'  for" "it  helps  determine  ' the  accelerating-' 
.capability  'wider .-load.-  -  '■'  ''  . 

I ii  some-  applications,  a  torque  .source  rather  than  a  speed  source 
j-  i-e  often  desired-.  For  example,  a  negative  torque -speed.,  character¬ 
istic  provides ' damping  for  .stabilisation  of  closed  loop  •  servo-  • ' 
■mechanisms .  .'-Providing  this,  characteristic-  with  conventional  step- 
pLg,  devices:  has  been,  done,  by  ■  use  of  internal  feedback  to  initiate  . 
each,  step  such  -that  -  output  torque  „ is  maintained  approximately  equal., 
to  load  torque.  The . speed  automatically -adjusts  Itself  in  accord¬ 
ance  with  load,  changes,  increasing  '.as--  the  load  torque  deer  .see.  "■ 
Far  the  SF  EHD  device  -performance"  of  the  feedback  .function  -electri¬ 
cally  by  operation" on  the  coil  current  of  voltage  waveshape  should 
be. practical,  This  would  eliminate  space,  alignment  and  sensi¬ 
tivity  problems  that  might  result' from  .utilization  of  Internal  «-• 
lectfomechatiibai  transducers;'.  In  Section  4  .it  -  was  shown  that  when  ' 


there  is  a  negligible  steady  torque  load,  model-  .EHD-l' 


to  a  aero .  power  v  ngle ,. 

hi  *»  hf'1  4- /■»  4  wifi*  4  e»  vil  if 

*•»<<•  V  N<  ^  VT  »A.  wwUrf.Uji,  •J-*.-* 


and  therefore  the  maximum  po v**x 

f v, ^  *•»  A  yi  fr  1  >**  fl  /*\V>AVJ,S  4,'?  FK  -rl 

»-  y  j.  v*  v  m  yvj.'  y  >/a,vh« 


must  step 
i  angle 


stepping,  for  the  mm  load  tmd  for  &  single  step,  power  angle 
ne«sd  not  fall  to  sew,  &v&  r.  variation,  for  exa.ni.oie  10V  to  3S^’i 
would  be  achieved,  Thus  the  output  torque  would,  be  considerably 
more  constant  and  approximate  a  linear  torque-speed  oharacteris- 
tic.  ins  device  would  be  designed  eo  that  a  specified  maximum 
power  angle  and  speed  could  not  be  exceeded. 

"Whan  self -sfeepplng  is  not  used,  it  is  possible  to  calculate  the 
lowest  %  that  can  be  achieved  in  a  dewing  mode.  This  was  don© 
-and  it  was  seen  that  autlra  T£  13  approximately  the  reolproosl 
of  the . magnet  pulse- 'rate.  .  This  is  derived •  in  Figure  oj,.;  An  shown, 
it  was  assumed  that  the  power  angle  can  instantaneously  .tnereft.se 
to  1-J  steps  (or  33  1/3°)  at  the  initiation  - of  the  second  step, 
slightly  exceeding  the  maximum  value  calculated. .in'  Section  H  oi 
about.  27°.  Hot  tea  that  the  .-curvature  "•of'  •  the  -«b--  curve  changes  -with 
...'the  polarity  .of  the-  torque.  •  Even  though  the  curvature  is  slightly 
greater  during  the  start  of  - the  second '"Step,  it.  is  'assumed-  that, 
this.,  portion-  does '  not  determine  the.,  maximum  •  response  because  tcurque 
available 'for  acceleration'  is greater  at  that  point  i  Using  -this" 
.result,  '-.in  reference-  bo  the -porf oftaShoe  of •  Figure  -62  for  which ,.fcf..- 
'•500.  pulses  'per'  c.etaond,  there  is  obtained  ....  .'.;'  ....  -  ■ 

■  v.v' "...  "  y-  %  »  i  '  ■<*  '  \oo»  boo.  -j^  y -:-;.y  .t.  ^  •;  y  (n-i) 


Since 

1h  ,«  .00.037  sec.  (Section  6}'. 

■  ./  "' :  :<'rH/Th~  -  0,18  ;.V.  ;•  ,  ■  :  (l.,  ■•  / - 

(n-s) 

and 

Pm  <■---  1  «'  1.2  . 

..,  .....  -  7fr  ~V,aI 

(11-3) 

For  -th 

«.  conventional,  actuator  -.of:  -Figure  62>  .••■ 

yy 

06rSep,.  and  at  the  Same  ..Tj-;  - yiy ..'  3r  .y 

y:'y :  'Ty/ti'.  k;  3  -y  ••-;(• y.;.; .. . 

(ii -M) 

PM  '  : 

y».  ►  T^.TW.KI  V 

% 

«f:  :  4  ^  IS  '  •  .  ,  \ 

t,,WYM,KV*  m  .  ’  . 

y "%  _■ ,  y-  (y  yy-y 

(;1X~5) 

At  X 

*»  .002  -sec'.--,  there  is  an  advantage  "for'-  the  KHB-; 

l  of 

"  FMHB  -  **  ;|0 

i:K0  1  ■  ‘ 

■('ll -6) 

Therefore,  in.  Figure  62  the  qjhtlre  region  to  the  right  of  X.  «*• 

.002  see, . ,  where  varies  from  10/1  downwards,  is .  achievable 

without,  resorting  to  self -stepping . 
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iiiinTi  positive 

i]  Lilli]  output 

.  Torque 

E~~3  Negative 
ESS3  Output 
Torque 

w0  ~  output  angle 
Q|,  >»  input  angle 

0£!  »  average;  Input 
>».  angle  • 
if  we,  sfepa 


•  v  -.•••••  *  ..  *  •  1 


Assume  that  the  ©y  response  :S  s  ^  cycle  of  a  sinusoid  •  ■  . ' 

""starting'  from'  an  Imaginary  origin  at  t  »  ,--1 " step*  with 
an  amplitude  .-of  ~1  step,  as  shown  above;  -  -  The  frequency  ■ 
of  this  .-waveform'  Is  ’  :  y  .  .- 

"  .  ”  '  ■  f  »'  if  X'fp.  ";ife  '■  —  .  , 

if.-  ..  b  ■  '■  ;  ■■  .  .. :  • 

■-whore  fp  **  magnet  step.. rates  (pulses  per  '-second-) 
since  ■  ■  .:‘J:  '■■■  '  .  ;  ■  U"„v 

'-.l.-V  ..'•>•  Ae  >‘?»f  «o  ;yy;r  y  y  - y  ;y-  V;-'. 

&o  »■  (3fffP0o-  v."‘-  v>  ■ 


Then 


K  ~  9.o ..  ■—  ‘  l. 
h 


••  ;  ^ 


FIGURE  -f»7  -  TSPieAIi-  SLEWING  MOTION  -Op  MODEL  BHD-y  WITH 
NEGLIGIBLE  STEADY  TORQUE  LOADING 

/-:■  ;i y.; y-yi- y 

.Flux  Rise  Time  Neglected 
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Thai/  (’figure  t> /  .la 
correlation  with  i 


valid  1‘ayi'eson  tat  awn,  as  ahovm 


its  excellent 


no. 


j  i.;o J  £ 


(■  C , 


Using  data  from  Section  4,  and  applying  Figure  6?  to  determine 


hr,  - 

86  Xi-m 

(11-7) 

'■  p  •” 

500  cps 

(1.1-8) 

WiQ  •“■ 

.  2«p2  a  10  '•'  rad. 

(  II.OV 
\  -**“v  si 

%ls  “ 

(2i>  r)^Qyis .»  jj'.  fpj 

•»  630.  rad/see.  ■ 

($oo)2qm3 

f  >.  '  ■  ’fir  <v  /  '  .  "  ■ 

,  b  (11-10) 

3  Ml  ' 

*  1 . 12  x  10“^  fcgs-m2 

%I-U-  (11-U-) 

Tl."  V 

-.  22  n -in  -V  “'V'"  .''• 

.  -  (ll-ls) 

Peak . torque  ‘Available .  for  -accelerating,  the  external  ■load,' i-Taih  -,  ,'  •••., 

is  therefore  .' .  ■  . *  •••?■'  •  .-, .'•'  ..  i  ’.}* 

Vam  >  56-7.-32-57  hrm’  .  (11-13) 

:  -  H  %n  -  JE..^-‘09  Ks^  ^v’  .  v-V"^’  ( X3.-:t4)‘ . > 
:  -  ■',  ..  •*£  t30 

The  tea t  •  X oa cl.  Wa s  0;»  1 .  kg ~w G . 


ll .  2,'g 1  Power  -Angie  -  Increase  .  o£.,. the  power •,d*!g5$'©.-  beyond  that  , 
wEXcH  WeorcHoaily  provides  .tor  constant  .and  reliable  tooth  eh-" 
.gsgewenfc.  would  increase  the  fcorqife  ami  power  rafcep  For  the  SF 
typo,  study  of  double  step  operation  can  lie" niia&e '.'after  Minor' 'firing 
modifications,  -  As  there  la  a  problem  with  measuring  to yqu®,  a, 
tbrque  transducer  might  be  employed  to  measure-. the- -peak;  values;.""  '  * 

,  With  the  RS5  types  •  the  •  torque  can'  be  a  ste ady  load  peitftltit'ing  di~;  ? 
••‘•rect  .meamir  ament 'of  maximum  torque  and .■’indip.eofeiy'a?,  pow#x’  angle,.;- 
.‘Fue  '  problem  here  is.  that  the  'torque.  efficiency.  My ;f drop 'more  fehluvVl 
v/ith .  the  ■  SF.  type  due ,H>o  extended  deflection  over  ISO1?.' and  friction' 
within  the  powder  or.  links  ,  ,  ;  .  v.;*\  .. 

11,2.3  Pressure  Angle  -  Recent  success,  with- operating  a 'hydraulic 

hfi.vlmir ' -Itt&V  « n&M  &  .1  mTrtfttfrrt- 


lIarinonIe'Ts.’rv©  'actuator  having  l'4|°  pressure  .angle  teeth  indicates 
that  this,  might  .he  ..successfully  applied f  probably .  to  the -SF  type 
'only,  .  ■  -'  ■_•'■  ...  '  ells' v  -.v '•;  '7"  '  .' 

•  11. 2. A  Increase  in  Torque  Loading' in  Relation .to  Reliability  and 
Life  ~  The  ratings  of  torque  and  power  'rate. listed  for  the 
laboratory "models  are  believed  to  toe  compatible  with  the  general 
design  life  objective  of  such  devices  although  this  should  be  proved 
by  life,  testing  In  future  program* .  If  It  la  desired  to  Increase 
the  ratings,  such  as  by  changes  in  the  magnet  polar  -area,  the  in¬ 
creased  -torque  loading  effects  should  be  given ■ further  study, . 
analytical  and  experiment**.! to  naneaa  the  probable  life,  as  well 


m!  materia is,  neat  ti*ea  talents , 
be  aoitssidoroa  to  maxlmiae  Ilfs 


force  d:to fcribu fcion, 
With  the  BP  type  j 


3  3  V/i  ini  V  &  C ! 

e  be . s  should 

the  outlaws#  performance  capabilities  of  plastic  flaxeplines  would 
merit  addltonai  attention, 

XI , g. g  Other  gtepplag  Field  Improvements  -  A  eons tant-current  power 
sup^iT^anKe'en ’’ Ml^usseSHas  a  mearS~olr  increasing  the  electrical 
response  so  that  the" limitations 'become'  that  of  the  mechanical  ele¬ 
ments'.  •  Another  advantage  of  .this'  type  of  supply  is  that  operation 
down  to  and .  including  stall  would-, be  possible  .without  voltage  ad--, 
jus'tnsont'  as  is' /required  for  the'.. present  research.  ;model  .  In  the  in- 
•  teres ts  of .  simplicity  .and.  to  save  time,:,  the  present  -model  was  made 
with"  flat' polo' faces.;  If  these'  were  curved:  to  smtoh  '  the  arasatux’Pj 
tiie":  lafean.-  a lr.'  gap.  .length  and  hence  the  reluctance  should  be-  decreased 
a ignif ieantl  7 •;“3$ie  difference  in  radial  distance  between',  anr  arc 
"of  I  ii/8  inch  'radius  .and  a  chord  1/2.  .inch  long "(as  i«  the  present . 
design)  is  ,011  inch.  .1  .///.I  - 


'Jt>Sppears  .tihati  if  the  --fulcrum  were . :;Sep&rftb,ed  from  ;■  .the  'output-  shaft ; 
by  a- -bearing,  the- arjoafcuree  would  MyeL .considerably'  -less  not.  **6~/.  ■••-' 
tafeion,  -thereby-  .decreasing  the : inertia  (as  discussed  in.  Section  3.,  6) 

11, 3  ■  Refinements  and  'Optimum  'Packaging  t'ov  Meeting  Enviroitmeht  Re  - 
.qulrements  and  other  Proauctigation  Requirements.  .  .  : 


X l.-  3 ."•!  I  Enyi.y^liehipixRiqulremenfc3  ~  packaging.  Is .  most  often  thought 
b’F  inT»|Bm'fl.- -of1' wights volume ,“SHook  'and.  .vibration,  but  -all-  of  the " 
applicable  military  retirements  sfitch  as  are 'given  in  .-Mlb-STiM^.  • 

•  and  ML~]$*:!5£7.B  iiibs't-  be. 'given  consideration  in  final . design -.  :  AX--: : 
though  the  present  actuators  .-(exclusive;  of.  .the :  electronics) 

fall;  within  the -program  -objective  Of  weight  and  volume,'  obviously  - 
.the'  "further. 'that  .reductions-  in  weight  and  :h lean  be  carried,  the  , 
''•better  for  ..aerospace  used,  .It?'  ia  .felt  that- '.'.'opha'iderable  savings  '  •.7 
can-,  be  madb:  in  'reducing  the  ac-tuatox’a  WK^ffiSclve^,  by  upe  of  lighter 
1  density  '..-materials  in 'sorse  places., ,  '/bhiaataier:  castings ,  arid  -compacting  •■ 
..dead  ■spapea,  At 'Hiked  same  time,-'  the  devices  .must.'-  not  be  allowed  to 
:  become ''  susceptible  .to  fatigue  failure  through  vibration,  impact' 
failure'  through  she clc,  - or  thermal  failure.  'In  addition,  some  long  .. 
.thin  'elements, ' ‘such  as  the  nolds-  of  the- stepping'  type,  must  be  An- 
:  vestigated'  f  bi?.'  vibration' 'resistance'  and  redesigned  as  necessary. 


Attention-  to’  thermal  Assign  would  be  necessary,  limiting  the  "tem¬ 
perature", to  certain  levels  in  relation  to  insulation  and  other 
components  -JLS  "necessary  for . high  reliability.  The  duty  oyoles  ex¬ 
pected' ain  typical  operation  will  help  determine  the  type  of  cool¬ 
ing,  heat  Sink,  forced  convection,  radiation,  or  the  like,  that 
might  -  be  utilised  in  configuration  development . 


It 'ie-  felt,  that  the  control  circuitry,  power  amplifier,  and  pows%- 
supply  can  all  be  made  suitable  for  use  with  any  reasonable  en¬ 
vironment  presently  -^compatible  with  transistors  and  diodes. 
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Bo 'i.:liA)>‘J,  1.  5  i.j!  A.;iptK! 'as  •■•  'Xxx  tus.-  Bp  H<3~- ?  »>«><•  t  Hi  vr-ion  Ijs  re— 

v"*  if/js  *».■  ji?( it’-o  vi;  COUtHiiT’Awir.U'  fi'Xv  vUifi  pGHCiC.?  .ti 

Possible  a  fifes j.’ole  plastic  diaphragm  could  bo  welded  to  th< 


In  the  SF  devices,  the  effects*  of  the  impacting  of  the  ax’saturee 
upon  the-  raagnefea  should  be  studied,  and  if*  there  a*  •  tS  .jt.  ^  id  i.  0 V  1 0  £3  3 
of  accelerated  wear  sow®  »ie«nn  of  protection,  eueb  as  a  thin  layer 
of  bob®  absorbent- »  durable  tmtevl&l ,  may  be  required . 


zmvaxw  ip 

UFOH  SLECTHICAL  CONTROL 


#♦ 


ia» 1  ggnggal 


The  high  power  rates  of  all  EHP  devises  together  with  the  .digital 
Character is fci ca  of  the  stepping' type  and  the  synchronous  speed  . 
characteristic  of  the. rotating  field  types,  Keane  that  unique  and 
highly  advantageous  control  system  performance  is  -obtainable.  Be~ 
cause  .of  ...these  unique  charaoterietic's:  the  possible  systems  -  them¬ 
selves  become  broadened,  .in  'scope  and 'advanced  in  .sophistication 
and  performance,  .These  -factors  are  'discussed  -in-  this  sectioit*  ••“  . 


12,2 


Stepping:  field  Ty pea 


With  the  control  'circuits  developed  for  operation  with. -this  device 
it, is-  possible  ip-  obtain." the  following  variations-  in  system,  de'sigd 

<1).  Di-Mct  :Jc(i)eratidjftii!rd®''a  pulse  train  produced  by  a  "digital-/'-'  y- 
.  computation  system  and  thus  "the  attainment'- of  high  ••torque'..' 

■■  digital  actuation.  . 

(&).  The  capability  to  start,  and'  stop  in ' extremely  ' short  .periods,:., 
of  time  -allows  for  'hlgher-perfojrmattcd  bang-bang  -servo-' systems. 
•With  the  increase  in  power  rate,  basic  motor  time  constant  '■' 
is  substantially  decreased  and  the  stability  problem  .ioher- 
.  :.ent  in  the  design  of  bang-bang  systems  is' ’ diminished .  ■  If 
•;-.••  >'-;  constant,  -speed'  is  used,  the  control  system- becomes  quite 

Simple,  requiring-  only  a .reversible,  constant .repetition  rate 
.  pulse  train.  ■  '  i  .  .  -•/■;  '  -.  "■"' 


(3)  By.  the  'analogue  :po  digital ■•converter,  directly  '.apply'-. the'  a.«s~ 

.  tuator  and  its  associated  electronics  1'n  amlo'gue'-'sydtems  .-■■•.*: 

The  converter  •  is  utilized  where  -linear’' ••analogue  signals  are, 

.  available  v-  fX.'hdn  introduced  into  the  ■-■o&rcd&tnj?.-'  It;  Will 
:..  dues  a,  pulse  train  with  frequency  proportional  fcci/  amplitude,,  ./ 
.  fehs  ■  input  aniiloguo  signal.  -  :..-c 

(4)  -.-.-Bering  -  digital;  in-  nature,  the  electronic  circuitry  'dan  also 
be  designed  to  provide  for  more' suitable  relay  servo'  control. 

\,By  introducing  to  the  actuator  different  level's of  ■  pulse  ’ 
train  frequency  Which  are  easily  turned  on -or  off  by  relay 
Control ,  ■  dual  -mode  operation  can  -  be  obtained,  for  example/ 

. -  one ■'  might  .provide  a  combination  .of  a  fast,  constant-speed' 
slew  with  a  -harrow  range  of  analogue  control-.  This  allows 
for-higher' performance- systems ; operating  in  a  minimum  of  . 
time  with  -a . minimum  of  overshot  following  the  input  signal. 


The  system  design  versatility  allowed -by  this  actuation  means 
is  thus  very  unique .  Knowing  the  load  inertia  and  aoelera- 
tlorj  requirements ,  the  required  power  rate  can  be  determined. 
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This  power  rate*  independent  or  gearing,  must  1-1  ion  be  supplied  by 
the  motor*.  Per-rorsiana e  requirements  of  aavoopnee  actuate.' -a  gwrter 
ally  Involve  power*  rate  requirements  which  have  dictated  the  ut¬ 


ilization-  of  hydraulic  motor*  primarily  for  their  high 


;»•'  J.q  V<1  tiovi 


cap&bilitieo .  In  order  for  an  electric  actuator  to  seek  these  -  high 
power  rate  requirements  it  la  required  that  a  motor  of  present  day 
design  have  a  horsepower  rating  4  to  10  times  the  actual  steady 
state  horsepower  requirements  of  the  load.  Since  E HP  baa,  for  a 
given  power  output.,  power  rates,  equivalent  to  that  found  in  present 
.'day  -actuator*  (excluding  the  low  duty  cycle  types)  having  4  to  10 
times  the  'power  output,  or  more,  it  is  possible  to  increase  the 


band  width  of  electric  systems  working  under  wide  ranges  of  input 
'signal'  variations. .  It  is  significant  to  point  out  here  that  the 
attainment  of  very  wide  band  width  In  present  day  electrical  ays- 
..t«ant/.ls .  quite  ..possible','  .but!  at  a.  sacrifice  in  amplitude  , of  the  aig- 
■nals,;;whipfi  decreases  sharply  with  an  increase  in  input  signal  ■ 

•  frequency. What.  Is  needed,  therefore,  is  a.  device  which  has  the 
■power  rate  capabilities  allowing  for  increased /magnitude  of  input 

•  signal's'.-' over  thb  frequency  -range  'or  'band  width'  desired'  -for  the 

■system-. ,  -  Required  'band  width, .  after  all.,. Is  diet'd  tad  primarily  by  the 
.  requirements '  of  - ' the •  ,sys tern :  to •  respond-  to-.-  st«P  inputs..  ■■■■••■'. 

.  During-  the  cout'ge'  .of  the  initial  investigation^  It  has  become-  ob¬ 
vious  that  the  development  of  any  'actuator  of  this  type,  with  radic¬ 
ally  . different  characteristics,  might  produce  extreme  'requirements-- 
upon  the  elec tronio -driving  circuitry.'  At  the  present.,  this  has. 
'been  'shown  to  be  true,  ‘fi'-e  high  electrical  load  requirements'-  .tin- 
posed  upon .  the  driving  o3  have  indicated  the  heed  for  .special 

consideration, .'  --lhero  may  be  'limitations  lin  the  attainment  of  very- 
-high  power  rate -.actuators  due  to  limitations  of  the  solid-atate 
■power. stage  components.  Rather  substantial  efforts  and  accomplish- 
.merits  'have  been " performed  to  date  in  providing  for  circuits  ...suit.-, 
able  for  demonstrating  the .. inherent-  •  capabilities  ••'of  the  actuator.-', 
being  developed..  Any  continuing  program  should  include  further 
study  and.,. development  of  the  implications  upon  the  electronics  of 
tnese.;  new  classes of  ■tefctatora. 


One.. very  noteworthy  advanced  control  concept  would'  tee  self topping : 
operation  using  internal  feedback.  A£. discussed  previously  la • this . 
report,  .  this  would  convert  the  actuator  to  a  torque  somee.- 


'IS.  3  Rotating  'Field  Types  ' 

The  more  simple  rotating  -field  device-  is  capable-  of  operating  :from 
any  two  or  three  phase  source,  St  does  however, ' represent  a  con¬ 
stant;  speed  device  unless  one  Is  able  to  develop  a  suitable  poly¬ 
phase  variable  frequency  system.  However,  the  attainment  of  a 
high  response  constant  speed  device,  capable  of  rapid  acceleration 
and  decelerations,  makes  it  more  fruitful  to  study  the  implications 
and- compatibility  of  this  device  with  -  bang-bang  or  contactor  systems 
where  such  a  device- is _ needed.  The  resulting  characteristics  of 
systems  utilizing,  thlr.-'. *^vioe  In  a  bang-bang  fashion  would,  we  be¬ 
lieve,  have  very  significant  advantages  negating  the  requirement 
to  develop  a  variable*  frequency  source.  Although  not  having  the 
power  rate  capabilities  of  a  stepping  field  type  uf  ««  Water-,  the 
rotating  field  device  does  have,  in  relation  to  Its  output  power. 


As  a  result  of  t-h®  analytical  and  eiqjcrimental  worn;  of,,' this  pi 
ect,  the  following  conclusions  have  hears  reached. 

"(l)  Feasibility  of  ■  Electromagnetic  Harmonic  Drive  (1SHD)  'has 
•  been  demonstrated*  in  two  different  forma. 

(2)..  Analytical  methods  for  understanding  and  predicting" 

. /performance  and  designing  BH0  actuators  were  devised 
■  and  substantiated  by  •  close- ''correlation  with  experimental 
results,  . 


(3)  As  an  electrical  actuator*  .BHD  provides  a  drastic  re-  . 
dufition  •in  .inertia,...  which  results  '  ip  advancing  the 

..  sfcafe'eyof.r-thO*aivt  .for.  last 1 -response  -  electrical  "servo  . 

actuator  a,1  not  employing-  separate  oiut chi ngi  .and\  braking* 

.  '-This  results"  In  s.ome..  radical  implications  for  control--;' 
.(Systems,  *,  -  ■  ■  ■  ^ 

,  ,;{4)  The.  key,  parameter '  character! sing  the  capability  for". fast' " 
response  la  shown  t’b  toe  power  rate  (torque  ■  squared  to’  '■ 
inertia),  . BHp  provides  large -advances  In' power  rate -to 
'..weight '  and  power  -rate  to-  electrical; -loss  ratios  from  .  - 
. which  the.  overall  improvement  in  system  weight  and 'duty 

....  cycle  capability  follows.  .  ".-...'  :  -."-J 

,{5)  The  type,  of  servo  application  (.extreme,-  high,  and'  low 
performance)  .Is  important  when . comparing,  actuators.' '  ' 

(6)  Compared  bo  a  typical,  conventional  -DO-  ’torque  motor 

with  gearing,  the  weight  saving  of  a  EHD  actuator  would 

:  ,  '^be'  -  as-  ’much..- a©  13?  1  depending  on  the  application^'  •  V"  ' 

.  ,(?),  BHD  .haa --excellent  •. overall  efficiency. 

;.(8)  Fundamental  an aiysea  were-  derived  which  provide  a  firm"-1. - 
analytical  foundation  for  oil  future  work  in  blits'  -area, 

. :  Bo.th>ldeal  and;. .practical  aspects  are,,  covered,  -  •  ■  ' 

(.9)  A  magnetic  'force distributed  over,  the  fiexspllftg'-  member  . 
by  use  of  magneta  placed  integral- '  with  a  ccntinuous  flex-- 

Ible  arinuture  Is'  superior  to  coupled  external  magnets 
.  producing  point  forces  ou  the  flexspllne. 

(10)  Power  angle  and  shape- distortion  are  the  most  signifi¬ 
cant  parameters  determining  maximum  operating  torque. 

(11)  The  calculation  of  effective  inertia  contributed ’ by 
the  short-stroke  motion  of  the  flexible  elements  can 
be  routinely  done  by  methods  explained  in  this  report, 
However,  deviations  from  ideal  motion  oaths  increase 


Cii-iSe  values,  M^WXWJnx-HJ.  UA  .uiwcia  :*  s 

ajol  nhi-ttlKht  >Ast-  u^wxaS-  i*e«ult»  are  obtained , 


'.yisavnr  wiOf’fSX 


.leCt-l-V©*  WR» 


.  ao  f*j  5.3.  specific  contact  o?*~ 

sctuat-or,  with  essential  oharae- 


fcerlubiaa  of  11$  watts  power  output,  3X0  kw/aec.  power 
rate,  yy?.,  overall  efficiency,  ?£  lbs.  weight,  2ko  cubic, 
inch  volume,  using  a  3&  inch  Harmonic  Drive  pitch  dia-- 
naetor.  Electrical  control  is  provided  by  digital  logic 
and  switching  circuitry,  transistorised  and  of  modular 
construction  .tor  nigh  versatility,,  including  an  analog 
to  digital  converter  to  utilise  DC  inputs.  Solid  state 
components  are  necessary  to  achieve  the  inherent  high 
response  of  the  actuator.  Other  characteristics  ares 


Bidirectional  .operation- 


>  Variable  speed 

■r  Open  loop  frequency  response  demonstrated.,  to 

30  UPS  ■  •  ■  .  ■  ".  ■'  , 

.  “vifesitma  speed  about  18  rpja  •.  ;  ■-■/'■• 

•,r''Maxl*4u®  Ihehtiel  load  hbopt  400 .  XtoVln.2  %Qi\~  " 

•junction  With  a  torque  load  of  *100  _  lb  .in,: 

Holding  torque  about  1300-  Ifewin.  , 

r~  Reaolution.  of :  8.  7  minutes  of  .arc  (am  step) 
demonstrated  by  a.  closed -loop  laboratory "setup:.-  . 

.;*•  Repeatability  •  about.  •  3,0$  ' 

-  Ktnifeum  speed  dependent  only  ,  on  the '  controls 


■“<  '•Bsbantlfelly  snore1  backlash  •*  •  -■■ 

%  JELgheat.  known  power  output  for  n  stepping 

•:  actuator-*;  /.  ;  \ 6.  .■■  V--' 


6  isihutes  time  for- temperature  .to  reach-  200°  F, 
which  was  nearly  steady-state,  with  a  high  iner-. 
tial  load  at -6  rp» 


-  60  ops,.  -3  phase,  -220  v  power -input  rectified  -  to 
DC,  adjustable  over  approximately  .0  to  70. volts, 
and  capable  of  70 'amps  current.. 

(1.3)  The  'theoretical  maximum  power  rate  for  the  3i  inch  size 
stepping  actuator  is  about  2000  kw/see ,  but  practical 
considerations  may  not  allow  this  to  he  fully  realised. 


( 1-4 )  For  a.  hypothetical- application,  believed  typical  of 

A  &VtQXl&XX %  %  0  ^ >* <n  ‘j^XTH  « f' <npp ^jri  »v  <u  a  1  a  £>y*  'VfOU Xdl 
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provide  a  5«1  weight:  saving  avrf  13*1  electric 
saving- .  compared  to  eonventional  PC  torque  met 


ai  .isos 
■ors. 


15) 


‘fnc 


■**\t,*. 


stepping  asteatar  is  capable  of  fulfil I Iwji 
eq»lr««0nb&  f-xc  a  typical  missile  control  eurfaae  or 
flap  drive  and  the  am  drive  of  a  computer  disc  file 
mesaoi'y  unit,  fw  which  .a  SOO  watt-  .tonventlonal  AC 
servomotor  has  fax*  insufficient  power,  rate. 


(16)  XJfBing  scaling  factors  developed  in  the  study,  s,  5  Inch 
pltoh -.dimeter -stepping,  actuator,  based . on  the  easts® 
design  approach  as  the  lab  model,-  is  predicted  to  have- 
;a  power  rate  -of  1100  kw/sec. ,  33#  efficiency 
0,75  horsepower  and  weigh  ISO  its. 


(1?)  The ■  secondary  model  mad©,  was  a  synchronous  .actuator  '  . 

.  which  -operates  directly  ’from  a  polyphase  AC  -supply  ..  "' 

and  ©-conomiosilly' 'utilises  standard,  motor-  parts.,-'  •. :  •:  *  *  .:• 

HeapoxHB©' ■■■capability  ( approximately  50 -kw/seo. .  powarv  ••  •■■• 
■■■■rat© )'■ exceeds  conventional  synchronous  actuators;,  and 

number  of  parts  la.  less. .  Basic  fXexspIine-  ...action  'dad  ■'•:■•'  ,..f- 
inertia  •.■reduction .  .characteristics..-  are'  like  the  step*; .;. 

;• ,  ■•  ping  actuator,  .  ,  Vv:  I.:.,-  //>  '■■■ 

(18)  Us?? .  of  super  lor-'  magnetic  materials,  ;sue.h  as;;vanadidm  '  ■.•■  \/ ■■,:'■' ' 
■peraia'ndur,  permits  significant  increased  ■  in  power''...';''  '■' 

rat®.  "" ;  '  "•  .■■.'■  . .  -  .  • 

...  ••  5  "  *:  • 

{ 19 }  Using'  the  flexspllne  as  the- output' -member  of  EH®  was 
.-  shown  to  b®  Biore.  favor  stole  than  the  circular,  'aplihe. 


(SO)  Lubricants  ''are-  not  needed  for*  the.  HHD. 


(21)  Excellent  -performance  in  hard  vacuum  and-  high '  teapera- 
ture.- environments  Us  anticipated,  . .  .  .  ...... 

The  following  .problem  .areas  or  matters  deserving'  of  gpestar.  study 
were  recognized i  There  la  .not  ■  necessarily  'a  ..-problem*  ^tnilt'-.fU36*fche». 
study; .'is  considered ■  -advA sable .  '.  /  '' 

•"{,!.)  -Heist ionshlp  .",©f  maximum  torque  and  speed  to  life?  fa* 

.'■■•  .•  liability  awr  loss  "Of  step-  or  synchronism.-'..:  pdrr.the  ■ 
stepping  • actuator ,  use  of  self -stepping  through  lti~,  ■ 

•••  terns  1  feedback  -  would  increase  performance .  even  .farther 
tout,  st-bh®  expanse,  o-f  -greater  oos®»iexlty»..-''-Ddiutia  .step.-. . 
ping,  mi^ht  also  .improve  performance. 

...(2)  constant-- voltage jpower  supply  places  a  limitation- 
■  on  response 'due  to  Its  time-  constant,  whereas  a  eon- 
: .  stent  current'-  supply  would  not.. 

(3)  The  acoustic  noise  of  the  stepping  actuator,  although'- 
not  considered  excessive,  indicates  that. material  or 
design  changes  might  improve  life,  response  and/or 
efficiency- capability. 


:i.6h 


W4‘<  tiiKi  fi.  V’  v-  Vi  ..v  V*?  %  A  «  V*  •'»  Y\  *1%'.  — o  \  *1  ,  3 

\  l  f  S/ltr  If  hf<--  V‘-  '•  vvt-*.  iiyi'M  •*•' .4.* v  •  t.  ‘-'*\».»  «■  •  •>  ■  f.»  *  ,v.,«  vl**.H4 

Improve  performance  somewhat . 

(5)  The  ,u^*f>s;hX’'OE«ous  aetuetoi*  was  not  optimised  with  re-- 
gar d  ho  materials*  electrical  wlndAttse*  air  g*p  and  Ip 
particular*  arsnatmre  design.  IX  does  not  provide  var.i. 
able  speed*  although  this  la  not  psq-alreu  in  a  simple 
bhRg«bang  servo  for  which  it  -laight  be  wv*H  suited. 

(6)  Tooth  prefiuvsre  angle,  if  reduced,  ussy  increase  perform 

*i*  «»  jU 
M  -riW  • 

(7)  -The  output,  shaft  of  the  stepping  actuator  has  marginal 

otiffnesB,'  and  may'  be  affecting  dynamic  performance. 


further  a.ialytical  and  experimental  work  should  foe  devoted  to  op 
timiaijig  the  performance*  in  relation  to  realistic  life  and  en¬ 
vironmental  requirements,  in  the  areas  of: 

■“  Ar’4»atuve  ar#n.  m agneh  de*-iL&n 

-  Constant  current  power  supply 

-  Tooth  pressure  angle 

“  Packaging  (light-weighting,  shock  and 
vibration  analysis ,  thermal  design, 
output  shaft  stiffness).  ,  , 

-•  Materials,  in  particular for  the  flex- 
spline,  magnets  and  armature 

-  'Study  the  effects  of  double  stepping 

and  self  stepping  (stepping  actuator  only)  ' 

.Following  optimisation  .andU  design  .for  more  specific  field'. en-  - 
virosanents,  life  tes  ta  •  should . he : feonduCted;  .After  successful 
life'  testing,  design  of  '.hardware  for  specif io application. would  ; 
be  in  order. 

In  general /  the  aspects  to  be  studied  break  down  into  (l)  opti¬ 
misation  of  design  (2)  l&fe  assurance,  and  (3)  the  usual  transi¬ 
tion  '  from  a'. .laboratory,  model  -  to  a  commercial  model  capable"  of 
operating-  in -field 'environments,'.  .  ■■ 
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AypKNDii  i 

Kl»rOK'?  tw  KL^^HOflAOHteTXU  kikiMOWJIG  BRXVK  WITH  Sffi&TING  FIELD  ACTUATOR 
X~  1  Ju tUyoduc  felon  and  flummery 


‘.11116  Appendix  suiiraariaeo  some  o i'  the  ii'j&jOi5  aspen fes  of  the  writer *s 
study  of  the  electromagnetic  Harmonic  Delve  with  p  stepping  field 
actuator.  Thia  report  is  concerned  with  servo  applications  of 
this  type  of  elec  trowagnetio  Harmonic  Drive . 

In  Part  1-2  of  this  Appendix  it  la  shown  that  electric  servomotor**  . 
when  used  in  high  performance  applications,  should  have  higher 
tcrqu<3~<3quar©d~ bo-inertia  ratios  than  are  obtained  with  convention¬ 
al  designs  if-  they  are  to  have  reasonable  power*  ratings,  relative..- 
to  the  load  power  requirements.  Jfext,  a  brief  study  of  lateral  • 
versus  variable Igap  movement  of  magnet-  armatures  indicates  a  dis¬ 


tinct  advantage  for  the  variable -gstP.  configuration  Insofar  an  force- 
squared- bo "inertia  ratios  are  concerned.  Thus,  it  is  seen  that  the 
electromagnetic  Harmonic  Drive  uses  a  magnet  configuratlOr.  yhich. 
la  well  adapted  to  the-  achievement  of  'high  torque-squafod-tb-iuertia 
.ratios  or  power  rates.  The  oharat feeridtloe  of  the  'electromagnetic..  ■ 
Harmonic  Drive  are  then  compared  with,  conventional  servomotors , 
Pei'forman'ce  data  on  both  the  laboratory  model  that  had." been  built' 
a  a  well  as  .estimated  oharacfcerietloa  for  a  design  .representing-  maxi¬ 
mum  theoretical . performance  are  presented  along  with  corresponding 
information  for  two-phase  induction  servomotors .  This  •  cotopariadh  /"'' 
shows. that  tho  electromagnetic  Harmonic  Drive  is  characterised  by 
power  rates  which  are  orders  .of  magnitude-  higher  than  those -of  con¬ 
ventional  servomotors .  This  means  that  the  electromagnetic  'Harmon- 
id  Drive  can  be  almost  selected  on  -  the  basis  of  an  approximate 
match  of  the  motor  power  capability  to  the  load  power  requirement. 
’This  la  -  it*-  distinct,  contrast,  to  conventional  electric  servomotors 
that  frequently  have  to  have  a  much  higher  power  rating  than  would 
be  indicated  bn  "the  basis  -of  the  load  power  requirement. 


Part  i~2  of  this  Appendix  continues  with  a  discussion  of . several 
possible  applications  f^r  the  ,  elec tromagnetla  Harmonic . Drive .  A 
•drive  for  a  radar  antenna  to  be  used  in  a  space  vehicle  it  found 
to  require  so  little  power  and  acceleration,  capability  that'  . both 
conventional  motors  and  electromagnetics  ■  Harmonic  Drives  can  be 
used  providing  they  can  be  bid/  t  smal  l  enough.  In  another  -.possible 
application,  the  eleotromaghc tic  Harmonic  Drive  is  shown  to  have 
bright  prospects  whereas  a  conventional  electric  motor  .would  not 
be  feasible,  This  application  is  the  arm  drive  for  a  disc  file 
(intermedia  te-accesa-tisje-memory  device)  for  a-  digital  data  pro¬ 
cessing .  system.  The  third  application  is  represented  by . the  flap 
actuator  for  an  air-to-air  missile/  in  this  application  the  elec¬ 
tromagnetic  Harmonic  Drive. is  found  to.be  capable  of 'meeting  the 
requirements  with  far -less  weight  and  space  than  a  conventional 
electric  servomotor.  The  general"  conclusion  drawn  from  this  study 
of  the  -electromagnetic  Harmonic  Drive  '  oharao toris ties  in  relation 
to  typical  applications  1c  that  it  has  a  unique  advantage  over 
conventional  eleotric  servomotors  for  driving  loads  requiring  high 
■ « oqet  crwtl orj*r  hut ' hoi;  requi  ring  High  velocities ••  ■ 

*  This  appendix,  jf&s  prepared  by  Dr,  G.  C.  -Newton,  jr. 
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3  fJeld  of  applrl  cation  can 
-he  output  shaft;  con  be  fat 


Vi  A 


-H't 


roatsf’d.  t  eithe\ 


through  lower  reduction  ratios  in  the  KarrooRjc  Drive  elements 
or  through  higher  pulse  frequencies  for  the  magnets  ov  both . 


Appendix  VII  discusses  in  some  detail  certain 
ations  .for  electromagnetic  Harmonic  Drives, 
configurations,  of  the  magnets  for  use  with  a 


design  consider » 

A  study  is  made  of 
Harmonic  Drive  e»- 


-ploying  a.3«£i>  inch  diameter  iTie.,t»pline,.  Thin  study  shown  that 
a  large  amount  of  iron,  relative  to  the  amount  of.  copper,  theo¬ 
retically  should  be  used  in  the  magnets  in  order  to  achieve 
maximum  power  rate. 


.  1  Preferred- 
AoTsustorif 


on  Itt  .Relucfeana&-,fype  Electromagnetic . 


m,  this  section  vat  explain  the  advantage,  with • respect  to  the 
achievement,  of  •  high  power  rates ;  of  the  variable -gap  r-eslue.fca.iuje  . 
type ''actuator,  as  .used  in  the /elect'roj^gnetlc  Harmonic  'Drive, 
over  the-  constant -gap  actuator  used  in". other  devices,  Figure  60 
shows  a  '-magnet  configuration  similar  .-'to  that  used  'in  the  electro- 
magnetic  Harmonic ' Drive  (HH»).»  '"in-  this  'figure  (A)  ie  , an’. end  view;', 
showing  the  armature  free  to  move  in  the  lateral  direction  with  . 
the  gap  .maintained  constant,  (h)  is  another  end  view.  oorrospoM^ 
"ing  to  vertical  motion  of  the  armature  such  that  the  gap  la  von- 
"ft bid.  Flow  (r;)  is  a  side  view  of  the  'magnet.  In  all  throe  views 
the.  coils'  are  omitted,  The  legs  will  be  assumed.  to  have,  square 
cross,  sections'  of  dimension  h.  The  force 'acting  ors  the  armature 
at  one  pole. for  lateral ■  motion  will  now  be  compared  with;  a  corre¬ 
sponding  force  for  vertical  motion,  jn  making,  this'-  comparison  • 
it  is  assumed ' that  the  core  material  has  negligible  reluctance • 
relative  to  the  gaps  and  *hat  the  mdgneto-mofcive  force  available 
i s  available:  f row  the  coil .  produces  a  nux  density  ^nst 
equal  to  'fa,  ■  the  saturation.,  flux  density  of  the  core'  material, 
when  the  gap  has  u  value  g.  For  the  case  of  lateral  .motion  a 
force  will  be  computed "with  the  armature  covering  one  half  of  ft 
pole.  (The  force  in  this  case  is  independent  of  the  armature  posi¬ 
tion  to  the  degree  that  fringing  effects  are  absent).  For  the  "vertl 
cal  motion  -  ease  .the  iWoe  is  computed  with  the  polo  -fully  covered 
by. the  armature  and  the  gap  at  the- value  •  g,  , 
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In. 


O' 


mers.i. ,  the  .force  acting  on 


anna  nunc  can  be  computed 


from  the 
ivajpo  tory 
j..?  o  i  la  »>  {*  0  t* 


ores  enclo* 


>.iv  the  .flux  vo-.'/ijuM  magm?fcoir.ufclve  fence 


fi'n  r>  a  a  ;  i  1  ha  h  1  v 


chosen  fra j.- 


tory  the  area  corres-r 

mechanical  work  produced;  The  elec  tvotuau! lanie&l 
force  la  found  by  dividing  the  mechanical  work  by  tha  increment¬ 
al  distance  that  the  armature  moved  in  order  ho  form,  the  loop  in 
the  trajectory.  Figure  68  (A)  and  (B)  show  the  trajectories  for 
lateral  and  vertical  motions  of  the  armature.  Those  tra  j no fcoriea 
are  formed  by  raising,  the  magnetomotive  .force  («wf)  from  zero  to 
a  maximum  value*  allowing  a  small  motion  ax  to  occur  and  tner*.  re¬ 
turning  the  magnetomotive  force  to  aero.  In  the  case  of  the 
lateral  motion  of  the  armature  the  flux  increases  from  point  &  ■ 
to  s1  while  the  magnetomotive  force  is  constant  at  its  maximum- 
value  .  For  vertical  motion  of  the  armature  the  flux  does  not 
change  and  points  2  and  2*.  lie  on  top  o.f  one- another,  ■  Until  the 
raaghetowotl  ve  force  decreases  to  compensate  f or  the  gap  reduction 
the  Iron. remains  saturated  and  .the  flux  remains  constant  until 
point  1  is.  reached.,  •-•  i 1  ■ .  y 

For  lateral  motion- 'the  mechanical;  work' done  by  the  armature'  or> 
its  onvii’dnment  .iii.-tbe  area-  enclosed  Xx\ :%bf® ■  £X\xk  versus  jpF  •  ■  f 
.trajectory 'Of  Figure  .:$Ej.  (A) .  ”  Stoat.  -ia>  'the  mechanical  work 
in,, a  ■.■consistent  set  'of  -  Units -  is  equal"  to-  the  area  of .  the.  'triangle 
symbol  Of  2>  2‘ .  The  aquation  for  .this  area  is 


dWm: 


M 

^rti 


.  { A 1-1) 

Substituting  in  values '  for.  the  f lux .  change '  ■  yields  .  ■  ’ 

.  dHf\  A  V&  (P„r^^)g^m/p0  (hi -a) 

Dividing  the  work  by  the  "displacement  dx -gives- '.the  maghefcic  force 
Frc  tending  to  drive"  the  armature.  In  a  direction  to  Increase  it. 
This  force  is  -  , .  - 

-  pt 

F®  j/2  j  Al*»j) 

In- the  case  of  vertical  motion  of  the  armature  the  flux  density 
initially  stays  constant "at  its  saturation  value  fy  as'  explained 
above.  Then  a a  the  magnetomotive  force  is  further  reduced  the 
flux  goes  from  point  I  .in  the  figure  to  aero,-  The  value  -  of  this  • 
magnetomotive  force  %  that  is  necessary  to  produce  saturation 
flux  density  across  the  reduced  air  gap  -  is  given  by 


-  %  -  (g  -  dx)'($y pj 


(hi  -4} 


The  mechanical  work  done  for  the  incremental  displacement  is  the 
area  of  the  triangle  0,  1}  2',  Thun  the  mechanical  work  can  be  ex 
pressed  as 


dt'n 
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Thi«  -»»an  bo  expressed  as 

dWm  : 
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■tv  that  uho  r.iUgnuijic  fovftC:  tending  to  ar 
dir®  at  ion  to  ratines  tbs  sir  g&p  becomes 
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Comparison 
A 1-3)  with 
shows  that 


1/2 

/-la 

force  for 


h* 


(Al-7) 


of  fche  force  for  .lateral 
that  fox'*  vertical  motion 
the  former  is 


motion  (given  by  Equation 
(given  by  Equation  Al-7) 
smaller  than  the  latter,  toy  the  ratio 
of  the  gap  dimension  g  to  the  leg  width  b.  With  a  typical 
magnet*  auoh . as  i'or  the  laboratory  model  of  the  electromagnetic 
Ha jwt&nlci  Drive,  g  3.6  of  the  .order  of  ,0*02Q"  and  the  leg  width . 
is  of.  the. order  -of  d.40wy . ; Thus  'the- .force  .level  that.  latoaohlev**' 
able  with,  lateral  motion  is  .-of  the’ order  of. '11/20'  of  that  whi  ch 
can  be  achieved  by  vertical  motion .-•  -Slnpe  .the  armature  sjuass 
.is  'sutosta'pttally  the  same- for  tooth  kinds  of  'motion  it  is.  evi¬ 
dent  that  the  f oroe~e^uara4~ torinert^a. . ratio*  dr  power  .rate,-;.' : v 
. can" be  improved  by  a  factor  of  the  order  of  ,.400  by  going  from  ■  / 
lateral  motion  to  vertical  motion  ; for'  a  typical ;  magnet  .  ,  .‘to.  ’  "• 
geometry,  '  to  to- 

-simplified  example  shows  why .  conventional  rotating  •  ..:'■■  :;./•  /. 
•elao trioal ' : maohlnary  with'  Slot  ted -ifotf  rotors  cannot  '  possibly  . 

•  aohle-vo  power,  rates.  ..comparable  to  those  -possible  with  strap.'!®, 
magnets''  of  the  variable-gap  variety/  ,Tho  slots  of  ."the'  rotor'  . 
moving; past  those  of  the  stator  In  conventional  machines . are 
•analogous,  to,  the  lateral  motion  .of  "; the  arwatur&s  of  .a  plural**  . 
;ity  .of  magnets  like  those .discussed  above. 


•Shi 

limited-range. 


£>  *9  *T*  n 

- <^vw{;jw. 


;hat  very  high,  pot-8  r  rntfes  cars  too  achieved  toy 
variable -gap  movement  of  magnet  armatures  to* 


gether  with  the-  fact  that  th®  Hari'flonlo  Drive- jsonvarto-lliflifced- 
'range-,'  oscillatory  motion  Into  dontihuduS ,  rotation  led  to  -the.: 
proposed-  use  of-  Harmonic  Privf  . with'.;  aleo ferosoagnetlo  actuation ; 
as  a  high : power . rata  servomotor*.,  ■■  ..-to  '■■/■'■‘v-  •to  ■" 

t-r&tz  .'  Oharacteristioa  -of  llootrdmag'natio  .Harmonic  Drive  '  ' 


compared  with  Conventional  servomotors 

Table'  XXIX . compares  electrdmagnetio  "Harmonia- . Drive  data  with 
information  for  two  convontlonal  :osrvtomptors, . 
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«E05>  based'  »n 


Dhe  characteristics  afrowd  $ii  this  table'  are  those  that  are  jf&r- 
■tlcularly- -useful  for  ' determining 'the  size  of  'servomotor-  required -■' 
to  drive  a  given  load* ,  .  fh#’  first  column-  in  this  table  .gives -,  •.. 
data  •  for  the-  laboratory  model  ’that  hae  been  deduced  •f*?o»..«etuai  •. 
measurements .  The  second  column  lists  the  characteristics  of"  a :" ;-  7,. 
design  for  ah  eiectroroagnetlc  fiarmonlc  ..Drive  -which  is,  repre**  : 
sfttttati ve •  of  the  maximum  theoretical  performance.  Both. designs'"'" 
use  a  3.25  inch  diameter  flexspline,  The  basis  for  the  second'  . 
design  lo  given  in  Appendix  VIX.  ♦  The  third  and  fourth  columns' 
of  Table  XXIX  show  the  characteristics  of  typical'  low  inertia 
servomotors  of  the  100  and  200  watt  sizes,  respectively. 


The  first  row  of  Table  XXIX  lists  the  average  stalled,  torque, 
in  the  case  of  the  BHD  devices  the  term  average  refers .  to  the 
mean  value  over  power  angles  between  switching:  points.  In 
view  of  the  finite  number  of  magnets,  the  power  angle  of  the 


device  changes  bv  discrete  i  norj  each  time  a  reasrjv*!;  is  m?i  \  <h?'ri 
on,  ikit-wafin  nwltt-hing  .polntd  the  torque  Vet.aitsj  somewhat  as  the 
floxspline  moves  towaxvl  the  position  ox*  fcho  no&t  switching  point , 
H?hs  a  v'er&ge  stalled  torque  is  the  mean  value  of  this  variation 
with  respect  to  angle .  '£h6  second  line  in  the  table  shows  the 

average  torque  that  la  available  at  the  peak  speed  rating  shown 
in  the  third  linen  The  peak  speed  for  the  EHB  devices  Is  re~ 
lalwu  to.  tha  peak  pulse  f roquet-joy  •  that  can  bo  uoed  with  the 
magnets,  Shis  frequency  is  established  by  the  volt-ampere  rating 
of  the  semiconductor  devices  that  are  used  .fox’  switching  the 
magnet  .currents .  For  purposes  of  '.Cable  XXIX  a  100  pulse  per" 
second  frequency  is  assumed.  This  is  the  frequency* that  was  an- . 
tuallijf  achieved  .in  the  laboratory  model .  For.  two-phase  servo-.-' 
motors  the  average  torque  and  peak  speed  ratings  are  based  oh 
the  point.,  ill  the-  static-  torqu*.~'apeed  characteristic-  thdt>'edrre«‘ ' 
•■opohds  to .  maxim®  power  output.  Somewhat-  higher  power  ".rates-  , 
CO'J,ld  TiS :  ObtaliiCd  with  fh<$se  iiiotoi?S:i  by  choosing  &  point ,.oa  .the 
”  tc'rque-apccd'  -"chax'abter.istica  c'91 ’responding-  to  a -.higher'  -torque  ..'v* 
-and /.a  lower  --speed  but  this  would  be  done,  at  the  expepse-  Of  -  a...re~ 

Tli*'  Time  ftoWRBnnndl  wo-  hn  T--R  t 


>&*»«&•  'power  fating,  The  line  corresponding  to  the  I 'd'B,  loss  is 
f he  power,  dissipated  ip  tbs  magnets  in  the  ..case  of  the  ■.electros-. ..  • 
•magnetic 'Hs-monic  Drive.  Fop  the  typical  servomotor  this'  figure 
.  corresponds;  to  .the  total  loss  at  maximum  power  output.  The  last 
- -tbs  table  gives  the -'weight  of  the  servomotors  exclusive '• 
.bf'el«ctX’b»los<.'  -For  "tbs’  el'eotroraaJsnqtlo  Harmonic  Drives  the  9. 
kilbgraw  figure- is  approximately,  the  actual  "weight  of  the .. labors <-• 
-•t'qry.  model.  The  •'’Wxlmpfli' •theoretical'’.' ' design  wl-ll  tend  to  be-  .’V 
heavier  on.eocotmt  of  the  •  larger -.  amount  ■  of  iron  In  •  the  •  magnets ' " 
but;  compensating  - changes ..  can" be  made  in  the  housing  by  .thickness 
reduction  so  that  the  anticipated  total  weight  will  be  suhstan*4 
t ielly  .unchanged  from  the  laboratory  modal...  .,  . 

From  Table  XjCJTC  one  observes  that  the  electromagnetic  Harmonic 
■•  Drives  "tend  'to-be  low-speedy  •'  high  torque  devices  when  o  ompaped 
.with  .typical  servomotors.  Thu  power 'ratings  of  the  'EBD  .devices'  ■ 
are  .-comparable  with  Plehl  -.  type  servomotors .  With  respect  to 
power  rate,  however,  the  sloe tromagne tic  Harmonic  Drive's- :  .enjfoy ..-  ■-■. 
a  marked  advantage;  'this  advantage  is  in'  the  range  of  a  factor 
Of  100  to  200  in  favor  of  the  Harmonic  Drives;  Also,  the  !%■ 
loss  of  the  Harmonic  Drives  car*  be  made  smaller , than  the  corres¬ 
ponding  loss  in  .the  two-phase; -servomotors  without  sacrifice. of 
power  rate  or  peak  power.  On  the.. .other  hand,  the  electromagnetic 
Harmonic  'Drives  compared  to  these  servomotors  are  at  a '  slight, 
disadvantage  .-with  respect  to  weight . . 

The  above  comparison  may  be  .somewhat  questionable  since  the  EHI) 
devices  are  basically  stepping  motors  and  therefore  have  a 
characteristic,  not  shown .'  in  "Table  'XXIX,  •  that  Is  very  different 
from  the  induction  servomotors',  -.SMs  is  the  stepping  action 
which  makes  the  elec  trornagnttic  Harmonic  Drives  act  some  thing 
like  synchronous  motors  except  that  they  can. go  down  to  zero 
speed.  r,3f?ical  circuits  hav*»  to  ho  user!  to  n«ptT*oi  the  win 
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HUigiiei.  eui'-i.v'n'i's <>  (These  logical  circuits 
tr<.*X  the  i/xeetroraagnetiC  Harmonic  Driiss 
Open- loop  incremental  digital  control  ox' 
ustu,  Anothex*  aitCi-native  is  to  control 


C;iU  t>0  &iv£*4.U‘ig»£ « t  *;o  '.K>H 
in  a  variety  of  ,-.vi;,':»„ 
motor  poeiti'm  can  br- 

Wits  output  SiJt-UU  O.Y 


varying  the  frequency  of  an  alternating^ 


an  arx^ugement  it  in 
cutout  nag  .if  ion  by  pt 


1  in&arlly  ox*  nonl  .inear-i  ly ., 
the  logical  circuits. 


possible*  to  form 
sing  as-  ex*ror  sigi: 


a f signal.-*  I1# .1. *.-Ji  such 
closed-loop  control  of 
l  t:o  control,  either 


the  frequency  of  the-  signal  put  into 


In  conclusion,-  the  stepping  characteristic  of  the  else ti’cmagne  tie 
Harmonic  Drives  can  toe  a.  distinct  advantage  in  situation®'  ia~ 
valving  digital  control  of  shaft  position  or' velocity-  -However, 
in  other-  situations  it  may  be  a  disadvantage  because  of  the  wore 
complex  motor  control  circuitry  that,  is  required. 

;,X~;Pf3  '" Samples  of'  Appll ca fcidns  ....,1  «  ,  .  ■■  • 

-th  -this  aect-loh  three  possible  applications.- for  the" electro- „ 
magnetic  Harmonic  Brive  are  presented  -in.  order  to  gain  insight 
into  the  applicability -of  this  device  "to  'positional;  control.  ...  ;  . . 

sy's terns. v  Fi«r  each  application  -the'- information,-, heeddd  to  mXaUi&fce:,v 
■•aervomotbr.  sfj»?:is '•aaaeaijttied* .  ,Albo  for'  each  ..appilhatloh-  sis  :esl-'. 
timafce  tot  ...the':  servo  -bandwidth  is  .given,--'  In,,  the  "light  0f‘  this  ... 
..i"hfo«na.tionv>;t^eV potential.  of  the  pl'ee.tr.o»ia'ghet,lc  Jarmohic,  Drive ' 
'for-,  each  application-  is  diaouosed.  - 


The-  fii’at  application  ia  an  antohm  drive-  for  a  space  vehicle-.- 
amah.  as -might  be'  used  for  '  radar  -  •  'mapping r  of  the  Berth*  a..  suPfape 
"or' that -of 'a  nearby  •  planet '-.such'-'  as  .-Venus".  -'  In- -order-  to  map  the 
■surface  the  .radar  '.'antenna'  must,  move  through  a :  s canning  a.equene, e 
of-  positions.  In.  the  particular  -example  under  consideration  the  • 
antenna  moves  in  discrete. '"Jump's-  of.  the.,  order,  of  a  degree  -  -in'- angle 

p-ul  i OtHj9,vy  dt.l.T** 

ing  .the  transmission  and  recfpMOh  of  pulse*  'in  order  ,,hov-  •  ;• 
carry  put  this  .scanning  sequence  a.  uervoifiechanlpra  ia  -used' t©  drive 
the  antenna. '  'SEhe’Moad  on  this  servomechanism  -is-  primarily  the. " 
antenna  -inertia  since  the  .load  torque  caused  vby  friction  add. ; 
..'windage'  •  it  •  expected  -  to  be  negligible  in  th©-  space  environment/-  - 

(Tapi®  .XXXj  Column  ,!  gives  the* pertinent  ’infowjmtion  concerning 
,'the  -:&i\tonih&  drive  application.  •  " 
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.HiTUOillKi 

iXt’lvf 

Arm 

Drlva* 

. . ~'M:rt.silT  ' 

PI  ah  ux’pve 

i.rujjpb.in  *  </  ij  \  ) 

f~  /*\ 

y 

u.20 

1  O9  v  1.0  “3 

Peak  non-inert ial 
torque,  T-i(  (n--m) 

MogJ.ig.lhle 

Negligible 

51.  i>. 

Peak  Ac e« leratiozb 

A-  / a  s 

*T  V  V«iu./  j 

0 « 2  3 

139 

625 

•Peak  velocity.. 

Gj,  (rad/sec) 

0.10 

8.33 

10 

Timo  Constant-  . 

■;T:c,  (sec)  ,  , 

\.  o.-’t - 

.0575  ,  . 

.  O. 

s~* 

On 

Peak  Load  power 

Pl  (watts). 

o.  125 

2,5? 

022  ■■  .v-„;'v3 

Minimum;  Motor  pbwer; 
■Rate;  p|5mlu  (kw/upo) 

i^ps  '^y 

'  130, 4  -  ,  'v‘ V-, : vJ XvX s 

,;jai»pdw-±d.ih.irai^uired>-,-. 
:  -;  (■rady'apc,) 

2£  /  :V  ,  \  ■•; 

;■  100  "  i 

IV  .•  • ,,  *’■  “■  ".  •  /  '.. 

"■  .  :  .:  (gpg 

4  "  '  ' 

M  v  v 

.  ..'.  l6  '■",7.4  ' 

W.v  . -.„  '  p  -.' 

♦Data  for  a  hinged  aria.  . ;  '/. 

TABLE .  XU  >  -  SPECIPICA.I'IOSS  J?OR  THREE ,.  APgABM30;OM3; 

The '  arvh  drive  of  ?*,  disc,  file'  .memory  unit  is .  cpnBielQred^a®  ..the'^  ^  . 
second  -possible  appj.ie'a.iion.  .  l>i»o  ii.ioo  .  (ou^n  uy  uuo  IS*-.  -  ..,0.3.  ,. 
fii-if.  uK*d  ■»»  random  access  memories  £ dr  digital  data  processing ••. 
systorop.  They  have  ah 'access  .time  intermediate  to  that  of  .-mag¬ 
netic  coroe.:  and  magnetic.  tape.  ,;A  .typical  disc  ,f?.1.1e  consists-  - , 
of  a-  number  of  •■continuously,  rotating  discs  with  magnetic  ma-.,  ". 
fcerlal  on.  the"  top  knd bottom  surface..- .of  each.  These  are  ' 
stacked  with  -'.space  between  each  on  a  .oorolBon  -shaft';  An  arm. 
or  ■"■comb”  Xo  t&ed.  to'  'position- read  »wri'te  heads  at  a  selected  .. 
radius  above  or  he. low  the  surface  of-. each  disc.  A  positional 
servomechanism  Is  used  to  select  the  appropriate  tracks  .on  the  • 
surfaces  of  the  discs  f ©rewriting  in  or  reading  ;out  informa¬ 
tion,  Of  the  order  of  10^  bits  of  information  can  be  stored 
In  approximately  100  track  positions  among  the  several  discs. 
Access- times  of  the  order  of  180  milliseconds  are  realized.  Xn 
order  to  achieve,  .access  times  of  this  order  it  la  necessary  to- 
be  able  to  position  the  arm  from  one  extreme  to  the  other  in 
less  than  ISO  milliseconds.  The  IBM  1301  file -uses  a  fluid 
power  servo  drive  which  moves  the  arm  in  a  linear  fashion  radi¬ 
ally  outward  from  the  axis  of  rotation.  Estimates  of  the  peak 
power  requirement  for  this  type  of  control  run  in  the  neighbor- 
booh  of  2  kilowatts.  It  appears  that  a  considerable  reduction 
in  the  peak  power  requirement  can  be  achieved  by.  arranging  the 
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arm  to  tile  about  a.  hinge  point  at  a  radius  bsvyond  the  e.ug,e  of 
the  Rim-.  Th»;  lits-afjsi  would  then  travel  along  an  are  i*i  a  menuer 
wiuw  i  ax*  to  a  photograph  pickup.  Mourning  that,  the  aKi  la  hinged, 
the  iipvH! t f  ica  bioua  for  the  arm  drive  becomes  m  ehowu  in  eolrnn 
a  of  ‘fable  BI, . 


As  h  third  application  a 
is  considered.  Data  fcr 


missile  control  surface  or  flap  dx'ive 
an  air-to-air  missile  la  presented  in 


column  3  of  'fable'  XXX.  These  data  ar©  those  listed  as  Require  • 
meat  B  of  Reference  8. 


On  the  basis  of  the  data  presented  in  Table  XXX,  it  is  evident 
that  the  antenna  drive  can  be  handled  readily  by  conventional, 
'electric  motors  as  well'  aa  by.  the  electromagnetics  Harmonic  Drive-. . 
The.  basic  ■  problem  in  this  application  is  how 'to.  build  a  Harmonic 
■Drive'  that  would  be  small  enough.  -For'  the  antenna  ■  drive ■  the  ' 
stepping-  characteristic,  of  the  Harmonic  privh-  could  be  a  distinct, 
advantage  since  direct  digital  control", could  be  used’  without  the  ". 
need  for  a  .feedback-  loop.  This  advantage  might  offset'  the  excoss 
size,  of,  the  Harmonlb-  Drive  if  it  was,  found  that.  it.  could  not;  be.  . 
'acaled'.'down .  to. ;  the ",  power  level  indlokl  in  Table  X/X,  Also,  it  ; 
should  toejrsoted  tjjai  there ;  is  ...no'  difficulty  in. meeting  the.'.  spa«i;- 
fled  "bhn3.vfi.dtr.h  '‘of.  25  radl ahs.per  second."  -  . "'  '••'•■■  'v  / 

“The  -  arm-  ddive  turns  '.out-  to  be  an  application  requiring  a  ■•  relative- 
Xy  large  power  rate  for  the  power' '  level  of  the  load.  |>!rom  Table" 
XXIX  it  is  -seen  that,,,,  provided  some .  means  of  'velocity  'matching: 
is  dons,  the  ' '.'waxiatan theoretical. "  design  '-of"  eleo.breiije-gnetie-  Har*- 
wienie ■■■Drive  .would, mope"' than  , meet . tho,>equiremente':"df'  'tha  .arm.. drive 
. application:  :&.p  shown  in  Table.- XXX,  pn.  the  other  band,  from  these 
same '  tables  it  is  seeri;  that  the  Diehl  low  inertia  e'ervomo tors'  in 
the  100  and,  200  Watt  -sines  cannot,  handle  this  application  because, 
of  insufficient-'roWor  -"rate.'  Thus  the '-arm  drive '-yepresoihfca  an  ap~  ■■■ 

•  plication  Cor  which  the  eieet.romagueeie  .Harmonic  Drive  appears.  so 
have:  a'  unique  advhrithgc--  since  it  .pan  do  the  lob  within  space'  and 
.weight  limitation's  that  ednnot  possibly  bis  met  by  convention^!' 
.Motors.  ;  ..Furthermore,  direct  digital  control  may  toe: possible  with/ 
'  the" -further  Advantaga  rof '  eliminating'  the  .positional  feedback  loop".' 
The  only  question  ..concerning  the  usd  "of  th:e ."electromagnetic .  E$rk:;-r 
•wonld  Drive  in  this  application  As-'  bandwidth .  Tbs  bandwidth.,  to- 
iqired  is  slightly  -greater  than  has '-been  "demonstrated  to  date  on;:.: 
•the  •  laboratory'  models  However,  further  .'.development'  may'  yield  a. 
,%hd#i4t;h  that-.  Will  handle?  this  application,  .  ;  .  - 

With ’.respect-  to-  the  third/  application,  the  missile  flap'  drive,' -the 
information-  of  'Table  XXX  Indicates  a  peak  load  power  requirement 
6f  the  order  of;  1/S  kilowatt.  Conventional"  motor's  of.  this  .site 
Would  lir?e  -inadequate,  power  rates  whereas  the  Harmonic  Drive  .would 
possess '. more  than  adequate  power  rates.  This  means  that  the  BHD 
Will  not  need  much  excess  power  over  the  load  power . requirement 
in  order  to-  handle  this  load.  This  would  be  in  distinct  contrast 
to  the  conventional  electric  motor’  which 'would  require  a  motor, 
power  rating  mar.,-/  times  the  load  power  requirement  in  order '  to' 
handle  this  aooll nation. 


180 


uM'tmxFmhh  fouoh  014  me  flbxbplime 


Centrifugal  Fo re©  on  the  flexspline  due  to  rotation'- 'of  t!i«  maos 
of  the  armature,  in  those  eases  where  \t  rotates,  is  given  by 

•  p 

PQ  «*  wrOa  (A8~X) 

.Pot*  the  SF  -typ®  £8S«3,  at  %j  «  30  rpra,  for  ©stample 


M  «*.  ttj^9a  »  2.06  kg 

v  »  fip-b  »  I.38”  3>S  x 

"■■>■  . 2.  : 

■  Ojij  ■;.*?.  P^O  'rpn  '«  3,X5  mfl/8(5S 

,  F0  .0,23 . n  «*  .,(>6:j.  ;lb&. 


'.  iB-.ae$iijgiMe’/i"  •:’..  ■: •■  ■"  '•■ ..  ,v  '■■  ■:.; v ' ; -■■.  P 

;  IMjsb  wiXXP  ;t«  ;f®rier|iX  He  .true"  in  %11  , 


{  A2"“2') 

(a?'-3) 
:  { .<? -4} 
(A2-5) 


APPENDIX  III 


DEPLECS10N  FORCE 


fo  calculate  deflection  Ponce,  of  a  Barsaonlo  Drive  cup  -shape  flox< 
up  line  4  the  following  basic  formula  can  to©  usssi  (Ail -values  hwe 
are  in .  English  unite)-. 


r\  fi.  £.  ^  ‘rt>  ** 

.  y-wpP  vt^y.  i. 


(  ft  -'-V  *1  ■’i 


fchere  Ey  •>  •  3P.3C  XQM  (psi)  for  steel.  •; 

1  »■  iangth  of  a  component  segment  (inch) 

•  ,."■  thickness.  of  a.  component  segment.,  (inch) 

This  formula  holds  for  two -lobe  Harmonic  Drive ,  which  la  planned 


“  '  >•  .osbB!’ 

.  jtg- —  •  v  ...  : 


The  thlckhess  of  ’the  toipth  toad,  wprto  avoid"  excessive --©tr  eases ,  •• 
is  selected  a  a  ••;.  7";  ■■  ■  •  ._■.  •-. 

V-'l  ;  .(A3'"3) 

It  is  believed  that  a  tooth  length  of  -....f.  f vy  .  :". 

::  ’"i  tv  lb-  “‘  Dp  ”  '  '  "  v'f  '  .’.  ■'  v’-;.  { A 3-4) 


i.a  adequate  f  even  *when  loaded  to  an  average  torque  . of  -40U»3,  ’» '■ 
.For, the  model,  the  average ’ W&jfie''  is  lower  and  the  conclusion  is. 
even  mor.b.'oonaerv&t^  ,  .t:,  ;f>7  i"vt  :.. 

Aa  Fa  Is, -teen  to  be  ihvers'ely  propoxtiohai  to  some:  positive  power 
of  ■detj&t^lhe4.i''.whC3P;aAs..,'bhe  magnetic.  .force  'produced;  Ifyp  . 

,1a  approximately  dix’pctly  pfdpprfcioml  to  fpS, '  in  oMer..-.to  find 
the  maximum,  value  of  FD/Ff-t,  the  smaller  Dp 's  should  toe  examined* 
The  values  of  Fd  are  obtained  to  be 


1  >3/6".' 


3,8  1  ,  .  0.14 


O.Qo 
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..  »  -  ._,  .,  «•  1  .*  »  «  *(  .-^  1  •  .»»,  *  4  ^j«fc 

lTt4 ?3  o «.-  JL  U  U J.et  t,' -Sti  j,  v 


j,l  j,«shsa  in.  Sect- ion  4,3=  It-  .is  here 


negligible . 


have  t-o  be  slightly  greater.  in  the  csss  of  -bypQ.  £H&*3*  til® 
rubber  tubing'  increases '  the  stiffness  slightly  aorg*  Allowing 
a  Kargin  of  about  70$  for'  these  effects,  the-  .following  -ratios - 
of  ¥x)/FM  »,rw  'tslWVSu  ad^B^s: 

-  -  Fp/Wm  »  .0*1  2"  >4'  -Op  '  (A3~S)  ;_;- 

.  :..  :>*  .0,£g  !%(f  4  %  ^  £U  i -.'■  •-•  '  (A3-6):  :.  =■;■:• 


For.XUp  below  i-  5/8’% •■■  Fp/Fm;: ris'ea  at  a' steep  rate.,  .:'  . 
CaiouM.tions  fhr  the  R3?-  types  would  be-  very  similar. 


v  ' -y-  .  >•;<., 
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■APPEMSIX  IV 

THBRTTAL  FORCE  OK  TEE  FEEKSPLIHE 


A  distributed  inertia  fore*  is  produced  on  the • f iexepline  'due  to- 
the  acceleration  of  its  equally  distributed  ina'as.  Tm  force,  has. 
sinusoidal  distribution  when  there  Is  true  harmonic  motion*  with 
lihe 'iawclwuw  value  in  the  outward  direction  occurring.  ,#«  the.  Major, 
axis..  JMa  force  counteracts  the  '.tooth  separating  end  deflection 
force  which' . also.-  have  maximum  values  at  the  sense  point.  The  value 
of 'inertia  force  is  directly  proportional  to  the  square -of  the 
speed  -  and;  -the.’ first  power  of.  the  mass  and-  the  ratio,  .The  inertia 
force  is  greats  than  for  conventional  Harmonic  .'  Drive '-  .unl|8.  ■  -It 
‘was"  realized  that-  .the. -torque  output;  is  proportional  to ’the  mass  , 
•of  -  the  -armatwea  •  which '  stove,  with;,  this.  f  lex.aplin.e.,- .,  and  to'  obtain  ,, 
useful  •torques':  this  'mass  ±i3',s:„ih  general*.-- '. greatei»:sthhn':.the':-.wa8a. " of 
the  outer,  -race  and  •  other  elements  that  move  with  the  fl'exgpllne..  . 

«  .  U.- tssk  .i'u.  4  JL  «..J  A-  A.U.*.  Ako- ina  a.4<  of  i  rto  rfV-f* 

X?Q r  &XfiUBp£,£  ^  «  ttKX&U  w3jt/U  t»nt?  Vllfi itttvye*ws*.*»w  vA .  •  . 

model  EKD-3  would ■experience  an  average  .inertia.,  force. --of.  8  pounds 
■at  the.  major,:  axis'*  derived  as  follows  hV<  -., 


-r.  *•  sits- S  Hg'-  6o  t  • 

■$&'*/£&  sift  a  R tt  '%  t  ’-" 

,  -2;-  2Rg  •* 

-.  •  ■  ■  .  V..  "(A4~fi) 

r  ;ck  .-.H  {2  Rg  sin  2  Rg  ©0 

‘  :-  2Rg  :  l  - 

*'\J  :  (A4-35 

hjTj  v.ti?  Ro*  - 

3:  .-"-■iv'hv  ( A4 «-4 ) 

•  ©o'  *  .30  rpm  «  3- 15  rad/secl  . 

.  - : ;  ;  .  (a4~8) 

Kg'  ■«  156 

;  ,  '  (a4.-6) 

J.)p  to.  3.25'*  . 0825' m,  {.•  '  .  : 

. (a4~t) 

*"»  rJ7i  a  2.f)Q  •'m/aec*'; 

( A-4  -8 ) 

The  mass  of,  the  armature  laminations  associated  ..With:  one  magnet  - 
is,  from  Figure  69  -  ■  '-v 

My  =»  0.13  kg  (A4~9) 

'  1  *1,  >  ’ 

Thus,  the  inertia  force  for. these  elements  centered  at  the  major 
axiB  is  somewhat  less  than 

Ft i3\jrMe  «  34  n  =  8  lbs.  •'=..  .{At -10) 
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k^vmmij 

UKHIVATIOh  OF  THR  Mh(W®XQ  FORO*  PORf^JL'A 


Xn  general  the  magnet  may  be  considered-  to  consist  of  a  fixed 
yoke  which*  by. the  impreeaed  current  through  its  coils,  is  a 
source  of  j5@?Fj  ari  a  movable  armature ,  The  space  between  one  pole- 
face  of  the  magnet 'and  the  armature  is  air  with  permeability  „a* 0.. 
between  the  other  pole  face  and  the . armature  is  a  powder  of  perms*- 
ability  ^-p;  %  See  Figure  70  (a).  As  a  special  case  the -armature 
May  hinge  so  .  that  as  the  air  mm  closes  there  is  no  enlarging 
space  behind.  See  Figure  (b) ,  For  this  ease,  the. same  formu¬ 
las  hold  when  one.  takes  the  limit  ; 


FIGURE  70  WG  BASIC  'JPS-pES  OF  ET.I50®  0J$ ft GNF.TS, 


The  following  derivation,  is  •based  on  Reference  10,  pages  196-202 , 
The  simplifying  assumption  is  made -.that  .'armature  movement  is  negli¬ 
gible  during  the;  increase  of  WMF  up  to  the  level  of  consideration, 
First  consider  the  special  case. 


The  current  I  flowing  through  the  coll  of  N  turns  creastfi  IWIF  equal 
to  . 

■^  =  Ni  (A5~l) 

This  magnetomotive  force  creates  magnetic  lines  of  flux  (|»  in 
accordance  with  the  relation 


$  ~  fit 
<R 


(Ail -2) 


For  air  gaps  greater  than  a  few  thousands  of  an  inch  and  small 
yokes  of  reasonable  cross -sectional  area  and  highly  permeable 


i:'.»‘5‘/:>r»^  s»'i  *r1  i4,j’n  a  J  1  -v*  ■<■■-, r\  Wt-Jt %i  1  <■■>  fH vwiv vv*«p?4  t»3  i  $*. H  \  r\  •?:  ro^A  «•■,-}•  ■*»1--»<t:-i 

MM  V  V*  ,.«<  /  V  ^,-A,  v  V-5t,i  t>.  J  ±i"S  rfi'-ht.-  >«•-  •'■*  ■«*■•■  W/r^Vw.  ,»a.  ^  v  «  .  V  *  >-V.- 

aii-  gap  roiucfcance  determines  the  fluac;  As  ourrenb  changes,  ao 
does  MM2?,  stud  $i ,  Sue  to  ar/satur©  movement  and  hysteresis  of  the 
iron  the  changes  describe  a 'path  such  as  1  a  shown  in  Figure  71, 
The  energy  wiffein  the  eirouit  is  equal  to  the  area  under  the 


«•  th  cjurvs, 


In  reference  .10,  fch©  author  explains  that  dVrreg,  the  area  of  t 
Loop ,  can  rather  laboriously  be  shown,  to  be  oqual  to 


:h*< 


loop, 


laboriously 

fSd.  . 


dWjng  w  '|‘{  tf^e.  +  <Vbi  }  d 


(A5-3) 


fieaXislng:  that 


S'o  « 


.and., that.,  for "  fringing  sieglect^d,..’ 

Equation  A  5-3  can  be  written  ■■■"' 

.  ■  V  '  dx  :.a  : 


using  the.  definition,  of  permeance 


<j>„  A  »d_ 

t  # 


or  in .  differential  form  for '  constant  .-MM? 


and 


li  «  b3Jk§ 

9  9 

Ft  -  ?-%£.  . 

..  4  ’  dr. 


<A5'*4) 


;#5-5) 


(A5'“6) 


.(A5-7) 


(AS -8) 


(AS -9) 


whore  j?i  is  the?  instantaneous  magnetic  force";  one-  obtains '  the 
general  force  formula 


ft  «-*  afi? 

"  ^  dy 


(A5-10) 
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r .  exact  for  constant  during  motion 

approximation 

■Xi 

]  * 

■•  dp,  %-**.*» 


'Vfetg'“  work  done  by  the  nisgnet  ."■. 

'^magnetomotive  for t*s. 

^  «  Hux; density 

'  X  «  distance  '•  ,  !•• ".'•■’••■  I. :. 

■  .  ^  is  ..the  ''-reverse  MMP  force  necessary  to  remove 

i  *  .  -  ■  ei  $  .  ..  *  "  * 

'■.  •  •"/  ;%  •  UJ;i‘u  i  *t  *<!<■*  *«*e4  t*X  x  aU^*  Vl .  _  ■  .  ,..  .  .., 

FIGURE  ?1  FIM ,  DENSITY  VERSUS  -MMP  XOOP  FOR  DERIVING  THEN 

magnetic  forge,  based  on  constant  mmf  during  " . .  •■ 

MOTION  .■  "....;  :  ■  '  -,V  C 


The  numbers  represent  the  arms tura  ponotlona  referred  to 
in  the  report,.  For  .  approximate  analyses  the  simpiier 
approximation  is  often  taken*  based  on  constant  perms* 
ability  -up  to and  zero  incremental  permeability  there¬ 
after. 
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For  i;ho  apodal  case  of  parallel  plane  surfaces'  -with  flux 
pausing  normally  between  the  surfaces.,  with  fringing  -neglect¬ 
ed,  for  a  specific  air  gap  of  Xg 

A'  as  &£) 

"  kMHAi,  A.-C  “ 


(AS -11} 


v,  /A-  A<a  Ax* 


>r  £-  •  fi 

*  c 


Now.,  in  order  to  produce  output  work  from  the  Magnetic 
cycle.,  it  is  heoessary  -  the  gap  decrease  while  the 
MMF  is  acting,  hence? 

.  ’';•.  -  -VV'  -  *  »'dX  ..  .'  '  •  .  j  '  .  .. 

Ubo  is  .  made,  of  the  fundamental,  relationship  between  magnetic 
field  intensity  and  flux  density.  * 

;-i ““l  •:•  'l  V>  ' :  '•  "'*  ' 

which  ..can  be  applied  here  assuming  that  the  gap  ia  large 
enough  that  the  reluoiarkih  of  the  iron  path  is  negligible 
and  all  fcM  MMB’  is  dropped  in  the  ghp,:  ■ 

.  dombiniriig'  these  expressions  one  obtains:-  "■•" 

'  JP  a  .  ■ 

.  -  ;  .  ■■■  'r  -  ;1  £l/*o  .  ■[' '  ■-'. . 

which  is  the  desired  result.  ,.  .  '..A 

It  should  be  noted  that  ft  increases  during  the",  stroke  so 
...  that .  ij\  will  si a o .  If  s, -ringing  ogam  is  .neglected  ,  the,  .  • 
above  rormplas  show  that  <P  and  0  increase  linearly  vdth: 
deoreaslng  gap,-  and  sc  Fi  'should  increase  parahplically 
From, , this  concept  a  value  for  average  force  could,  be  obtain¬ 
ed,.  C?onsl dering  the  many  approximations .  made  j .  it  is  worth, 
.while  to, make  one':  more  and -assume  that  during  the  working 
stroke- ; '  .  ••  -  '  ■  ■>  ......  ■ 

: '  •  ■  ...  O 


( as~i  ) 


(if; -13) 


(A5-n) 


which,  is.  the  limit  approached  with  &  magnetic  ,  material  ,. 
which  has  a  very  sharp  break  in  &■  vs.  at. the  knee  of. 
the  curvet  Then  the  average  force  would  be  equal  to-  the. 
Instantaneous,  force  given  above.  This,  approach  will  be 
followed  with  constant  realisation.  of  the. assumptions 
•made,  a nd 

■tr  ft  rift  Aft.  .-■„  .  ,..\,.- 


(Afj-15) 


{ 45-16) 


(A5-17) 
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How  if  cons!  da  ration  is  taken  fw  WJieu  Ab  is  not  ,')A, 
there  is  a  loss  of  force  due  to  the  fact-  that  additional 
iron  must  toss  magnetised  as  the  air  gap  decreases .  Note 
that  th's  -5 «  not  the  case  when  the  path-  length  of  the 
powder  stays  the  same ,  ns  with  a  solenoid  type  device  in 
which  the  flux  makes  &  small  loop  through  powder  behind 
and  moving  with  a  keeper  piece, 

Ehe .  loss  of  fores  is  given  toy  s  (Reference  10,  page.  200); 

,1  '  (*&*>  ■  '  '  ■■  ■  ",  ’  ... 

••••  H-  i  n  £f&>  •  W"iO; 

This  formula  to  derived  for  the  case  of  iron  plungers, 

where  fringing  outside  the  plunger  is. negligible  and 

is  considered  di.^oontinous  at  the  .  .boundary.  :of  A  .  Since  >w 

for  the  powder  is  ranch  closer'  to  /A  -Of .  air.,  than"  of  Iron;,  •  '77.v 

there  is  no  distinct''  boundary ,  and-  if-  A?  -  <is  taken  as  '  >  '  .- 

A^,  Pfafi  may  be  less  than  actually  la  obtained,  .  Further-  •  ■ 

■jRore',^tne integral is -'a  .function  of  how  close  to  [saturation  ' 

is.  the  value  of  /%n-  .  *fo  simplify  the  above  and.  to  attempt 

to  retain  approximate  accuracy,  also  in  recognlzafcion ' of 

the.  generally  expected  spacing  betVeen  stator  poles  and 

the  axial  length,  of'  the  stator,  consider  thaf:.  ,  '• 

1..  "  The. ‘integral -is  taken  aft  the  area  .of  a  triangle  .  t 
■  of  value  ,An  /vSVn  a  . 

'  ‘  f  hlcJ/Q  ■**  J  **  Bh->y£>AJ,  (A5-19) 


•  where>3/%ls,- the  slope  of  line  from  'the  origin 
to  the  saturation  point.,  (See  Figure  72) 


^toir 


FIGURE  72  -  MAGNETIC  MAGRAM  FOR  FORCE-LOSS  CASE 

2*  T«sks  A  =  Ag  -  .  :; 

■ .:.  Hence  E  •  *  j3m  aA$  ...  >  ■ .  ■  . 


&M, 


faS- 20) 
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0 


c°/ 


Dp 

2 


y  =  CIRCUMFERENCE.  OF  ELLIPTOID  FOR  ANGLE  B 
^CIRCUMFERENCE  OF  CIRCLE  FOR  ANGLE  0 

Dp  =  PUCH  DIAMETER 

d  =  HARMON  1C  DRIVE  TOTAL  RADIAL  DEFLECTION 
r  =  RADIUS  AT  ANY  POINT 


FIGURE  73  NOMENCLATURE  FOR  DERIVATION  OF 

TANGENTIAL  COMPONENT  OF  HARMONIC 
MOTION 


(A)  "ideal11  shape  (b)  distorted  shape 


FIGURE  74  FLEXSPLINE  SHAPES 


rececf, 


ln9  A 


a5e  a/ 


an/r 
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I  fc  o an  b 
gent la 1 

e  shown 
direct! 

that 
on  is 

the  position  of  the  particle 
an  follow?} : 

in  the  tan- 

dy  -- 

%'  cl  Q 

-  (Be.  +  d  cos.  2@)  fih 

2  "1  . 

( A6-*t?) 

y  » 

ft  dS 

JQ 

■o  ' 

«  o  +  d  j  cob  a  ode 

^  -XI  .  .... 

/-.( 

X)g  0 
-™  2  ' 

-4-'  jSL  5irb /££»"]  ’ 

^  -a 

/  Ah  *?\ 

* r  / 

Define 

y-o 

[% 

;  •  (  A6~B) 

..which  can  ..bp  written  as 


d.  s!*\ '  k 
H- 


fi. 

'O 


S(.  <j>  ~Rg0M) 


;...  ;ca6a9)  : 


( A6~10) 


The  time  derivative-  la 

d.6y  ™  y  »'  ,-d  eos20 

IT  T 


-|~Rg  cos2(  tH  (a6)_11} 


The  generalized  velocity  of  a  point  on  the  pitch  line  would  then 

'be 


a  \'4  .. 


% 


*  0m  j[s*- & (v -  % QmJ  ■+"  "4 £ (V  ™  Ba ewTf  { A6«i 2) . 

This  mean  kinetic  energy  associated  with  a  particular  magnet 
armature  is  the  kinetic  energy  averaged  with  respect  to  .  ... 

The  total  mean  kinetic  energy  W  for  a  group  of  n«  armatures 
spaced  at  equal  angles  around  the  flexspllne  is  times  the 
mean  kinetic  energy  of  one.  Thus 

IV  n.jj\  f-1a  f'1^  zZ(^  0w)  d  HJ  ( A6-.13) 

£r  J 

%  .....  ■  ■  ■  ;  . 
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-^leWilifeiL.hrttaaK*^^-  ju: V55*a6g;»j^|^ S.  <«g>:  jgy 


Substituting  thy  valuo  for-  Z  into  cqua 

/-. ..  *  f}i>  •>  .  ,  * 


t'J.Orj  Ac  1  *V  V'^SjlvlS 


W *  j I £»*W- %Q«jj  '*-.iL‘><*s  'K'-y’-ftg&t-t)]  I <%'  (.a6-i4) 

t ~  ■  ,.  ,,  -jl  ,, 

The  integral  evaluates  to  be  --24L  go  that- 

w  »  ~jrx-  »Mwa%  (fuS-lb) 


p  ”'  ft  nK  %  RgCd‘‘ 


(a6-is) 

(A6-16) 


Hoting  that  for  •■Harmonic  Drive  jRgd  «  Dp  one  obtains 

J  w  Dvi  l>pv‘ 

or  ■  ..  t;  p 

.  ...  J  •■■«'.. -$:/>VDp; 

■whom  V  ,«  hM  V'-> 

is  the  circumscribing  volume  of  the  entire  cylinder  of 
flexible  element 0,  ? 


(Afi-17) 

(A6-18) 

(A6-19) 


In  the  absence  of  accurate’  Information  on  distorted  wave 
shapes,  ■'the  following'  wave  shape,  under'  condition  of  full 
load  tongue,  has  been  used  for  purposes  of  calculating  forces. 
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—  X 

a 

«  ■  <9 

£ 

-jar' 

f  (<?))  “ 

co*  H  (&->-  ~{kyf 

Sr 

<*-  -  &  ' 

-X 

■'  1 

'■  i 

<  • 

CVs  '-ff-T, 

0 

.<  © 

<> 

,3T 

h  ■■ 

f^j  „ 

“  j 

/ 

X 

<  <s> 

s 

JET 

a  J 

(■  A6 -20  j 


For  angle  a  outside  this  range  the  'function-  la  given  by  .  'v 

f  (©}  «  };(0 -7i) ..  (A6-01) 

.Figure  74  shows  the  ideal  .  and  distorted,  .flexsc'lne.  shapes, 

The  various  functions  of  the  above  equations  are  then  substituted 
into  the  expression- for"  kinetic  energy,  which,  /in  this  case,  is 
simplified  by  neglecting  the  y  component-  of  -  & ,  The  new  integral 
evaluates  to  be  7T  ,  so  that0 

W  =*  | -  nM  Ma  Rg"'  d''%,  (A6-22) 

J  »  ftMMa.Rg&d2  a  ^V51pS  (A6-23) 

which,  based  upon  the  simplifying  assumption,  can  be  considered 
roughly  twice  that  for  the  ideal  shape.  We,  therefore,  conclude 
that  the  moment  of  inertia  at  the  output  shaft  that  is  contributed 
by  the 'magnet  armatures  is  a  function  of  the  flexspline  shape  and 
that  distortion  caused  by  load  forces  may  increase  the  effective 
inertia  considerably.  -  ■■  "  -■ 

i’J'j  : 


V 


In  order  to  account  .for  variations  in  flexspline  shape,  the 
M&mnb  or  inertia  of  the  iagnefc  armafcurea  will  he  expressed  m 


J  a  "  a  ^  nM  %  %£  ^ 


&  V  V  V 


(A6-24) 


where  %  is  a  factor  (larger  than  1)  that  accounts  for  the  in¬ 
crease  in  the ' inertia  that  is  associated  with  distortion  from 
the  '‘ideal"  shape. 

Lever  Type  Elements 


FIGURE  75  ~  LEVER  TYPE  ELEMENT 

Consider  that  each  lever  of  length  ij  and  width  b  pivots  at  its 
•left"  end,  bearing  against  the  inside  of  the  tooth  bad  at 
(Figure.  79) .  ; The' inertia -of  the.  element  rotating  at  the  pivot;  Is, 
by  the' transfer  theorem 

3p  *  Jo  +  '  (A6-25) 

'Where  J0  is  the  inertia  through  the  dentroicl,  .which  is  at  '[**■  UA- 
for  the  symmetrical  dhape .  .assumed , ..  From  texts  on  mechanics 
(Reference  11)  -V  -.•'•V*  ;■/«  -l-  < 


do-:  ^M(l,£+  b2) 

■  •"'.  V  ',".  ;•  y: ‘  , , 

(A6?Z6) 

Hence 

Jp  ±rt(i£*b1)* 

-  £  M  l/,. 

.  i  - 

(a6~£7) 

The  radius 

of  gyration,  k,  is  •  calculated  ;as  •  . 

(A$~28) 
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For  model  Eia>-3 

lf  „  h,6"  {A6-29) 

b  «  0.5"  {A6-30) 

So  that  the  term  containing  b  Is  negligible,'  and 

fc  «  7E.ii  »  d*  S  70  Lt  «  .a.6&n'\  (A6-31) 


Inertia  of  a  Free tressed  Ring 

A '  similar  type  of  analysis  ean  be  wade  of  the  prsstepesitod.  ring  to 
calculate  its  Inertia «  Inertia  is  a  function  of.  the  fifth'  power 
of  the  pitch  diameter,  -Its  relative  magnitude  is  somewhat  .greater 
than  the  other  elements  of  E®h  but  far  less,  than  conventional' 
devices , 


Increase  In  Inertia  line  to  Excessive  Klnetl q-M^SSL  ; ' '  ' 

The  magnetic  forces  developed  by  the  ’,  various  liliD  mpdola  pro-^ 
duc.e  forces  which  are  other  than  harmonic  in.  wave  form,.  -  mey  • 
do  not  give  trues  harmonic  motion  to  the  armature.  For  the  8P 
type  the  foresee  are  more  nearly  constant,  after  the  fluik  rise 
time,  resulting  in  high  terminal  velocities  when  th@  gap  closes, 
and  •excessive*  kinetic  energy  over  What  is  required  ,  For  the  BJ> 
types  the  forces  act  over  twice  the  90v  angle  required  for  ideal 
harmonic  motion.  A  calculation  ,pf  this  la  carried  out  here  for  ",  , 
model  HHtf-3..  ; Refer  to  Figure  76  for  a  comparison  of  the  two  wave 
forms  and.  the  kinetic  energies  o*'  each  during,  their  respective  .. 
working  strokes.'  ■  "' 

Xn  both  wavs  foirms  the  unidirectional" magnetic  forces  do  not  start,, 
to.  act  until  the:  flexapllneis  past  mid-deflection  (depending  ,on  ■;  • 
the  maximum, allowable  .power-  angle-).*;'  But  the  simplifying;  assumption, 
is  made  that  the  acceleration  upon,  the  armature:  is  .sinusoiaai  auririg 
the  entire  return  strok'd  for  both  wavs  forms.  Sine©  the  armature 
levers  are  connected  somewhat  by  the  rubber  tubing  us.  well  as  by  ;■ .  . 
the-  flexspline  this  is  a = reasonable  '.approach,  •. : 'the  .tdngentiel  com- 
ponent  of*  velocity  during  the  step— force,  motion  is  also  'neglected.  ■ 

A  power  angle  of  «-;.27?  is  used  as  . in  Section.  4 ,3*2  ...  .'  l;  ...  ..-,- 

9or  the  sinusoidal.* force  wave  form  the  working  stroke;,  t,^-  is.-'  thke.n.^' 

aS  :  :  t,.  dm  ft«r«.0,-3  (A6*3e) 

1  W>  \:4j  '  '  ,  . 

•:  /  :.[‘h  »  0.3t»  (1  }Jn«M2  -  10‘VJa  k*  (A6-33) 

'  -  1  ■  ""srEg  \'\ET 2  ~ 
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i  Assumptions: ; ,,  T  C  ■  ..,  :.  ".  '.'"F 

-  .Flax  rim  t.ltne  ,ls  negiec ted;-;, 

!  -  The  average  velocity  X'  is  f 
i  ,  the  maximum  ■velocity  r  at.  i.i*y 
'■  '  .  pact  n. 


V'  ■ 

w2  F  f  '  M 
,  i>j.  M 
.  Ma 


-<  V‘  tV  |  njf  . 

x  .  , 

( 

i  . 


Hence 


w2  * .  £  % 


pefM.n.l'K^nna  and.  Assumptions 
Working  Stroke;,  tv/  \ 


Return  ofcroke  , 

Qji  One  half  a  harmonic  period,  fc8  .  .  '  r  C 

Wi  Is  the  kinetic- energy  of  the; armature  coBcciated  with  one 
magnet  during  the  sinusoidal  working  stroke.  ••:,:■;•  ■■  •/  ...--r  v. 

Wg  is  the  kinetic  energy  of  the. -armature  associated  with -one  ; 
magnet  during  the. . step-force  working  stroke,'  .  „ 

It  is  assumed  •  that-,  the  kinetic  energy  during, -  the  return,  stroke  , 
is  the  Came' for  each  case £  16  magnets;  ;. 

FIGURE  ?6  KlifETIO  ENERGY  OF  ARMATURE  ELEMENTS  FOR'  MODEL 
,  ■;  fEHD-3  AS  AFFECTED  M  THE  WAVEFORM  OF-  MOTION' 


Prom  Section  4,3,2 

•  «  89  X  10'“4  kf-RI^ 


0  W-1 


4,2  X  10-5  ^2  ttwa 


For  the  atep.“fpree  .waveform,,  for  d 


m 


27° 


X. 


«■  M'-c&i i  £  <(>m  ■  ■. '.  .. 


^  a 


The  Average  .d  pet*/ air'  gap  i a  about,  .030"  =--  7,6  x  10  \ 


-  ...if 

,  ,  ,  ,s  ^  k  10  ot  ■ 

■  £s  •  '  :  v  •  ■;  ■'  •* 
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From'  Section  4 -,3*2  %  ”.506  newtons' 

-V  -  «  2.6*  I0~ 2  n-rv-i 

However,  as  there  are.  0  wdhkiiig  strokes  .for  the  entire 
a  harmonic ;  period,  the'  time  between  start  of.  strokes  is 
the'e;verag©  kinetic -energy ..is  given  by  ..  ..  ■„...; 

Vm" 


iWwii» 

"  a 


To  find  tw^'use  . 


V .»  "  hv)  4r,,,yf 

^  'Ma  T" 


Hence • . 


Prom;  Figure  6 


nr: 


% 


r..  :]■  Ma  «  0.13  kg  ';;• 

t-  «  x  ,10Jt  sec. 

fc^. depends  on  operating,,  speed.  '  , 

4  ».  XfX\  ttm  '  .  I'  -  JI‘"_ 

'  5  *  W,  2  "’  IS'6  ©m 


a.  -7"w 

**  «  "-ri 


( A6-34 ) 
(A6-35) 

{ A 6 -36 ) 

(MS-37) 

(A6-38) 


vice, per 
8/4,:  and 


(A6-39) 

!  (A6-40) 

( A6-41 ) 

<A6~42) 

(A6-43) 

( A6-44) 
(.46-49) 
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'Pile  i ncreuse  in  kinetic:  energy,  for  all  16  magnets ,  Is 
AW  b=  l&( Wg, ~  W()  «*  25  «  10  ^.£*h  ' 


(A6-46) 


Hence  the  Increase  in  Inertia  la 

J  «  SAW.  «  1.5  x  1G'S V  1.3  x  i0“3  ka-m2 

*  £  - «  .  ■■•■  ..  ■'  '- 

*  ©fvj.. 


(A6-4T) 


It  la  seen  that  this  depends  on  .speed;-.  For  .typical '  speeds  of  In¬ 
terest  liable  XXXI .  presents  the  results'*-.  ,  ■'...;. 
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TABLE  KOI  -  INCREASE  IK  INERTIA  DUE-  TO  EXCESSIVE  KIlffiTlC  ENERGY' 


This  means  that'  the  inertia  associated,  with  radial  motion  of  the  ; 

.  <f>w  ctf:ttyy  ftf*v?r%e±ia . :'A « '  - £>  ;£J\.  .»«  tl®1 '**<,*  ■■!?  £»'■£•  ^  :  HPH-,  . 

1  2/3  rds  as  large  at  id  RPf%  the  approximate  .rated  speed*  and  i.43- 

as  large  at  29  RPM .  /-.  v.;»,;  /•.  ■■■•  -7- :  \ u'k- ■&:■,■■;« 

Experimental  Methods  of  -Calculating"  Inertia  .. 

The  following  discussion  relates  to  model  EHP-3,  '  toe  procedure  is 
to.. perform;  a" transient  teat  either  loaded  "or*  unloaded.,  and  make 
'  certain,  measurements  .-.for  use  with  the  following; :, formulas, 

By.,hasic.  definitidn  of  velocity'  and  acceleration.  ., 

(|M  -  •  •  ddM  -:.j ■' 

~St .  .-  ^  .-.  ,  '  -  /  .  .  •  '  (A6~48) 


%  %  dt 


:  (A6-49) 
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and  for  the  condition 

A  f  V  i* 
%  "j  ‘’W" 

i 

"  o 


0  at;  t 


0 


(A6~50}\. 


Because  %  Is  more  -likely  to  be  zero  at  the  start  of  a  step  (i,e, 
end  of  the  succeeding  step) ,  -when  thars.  is  no  load  inertia,,  this 
is  probably  an  advantage  ;of -making  the  teat  this  way,.  Now 


4),. 

If! 


Ta 

~,T 


( A6-51 ) 


Ta  *  accaieratlng  torque 
3  inertia 


So.  that 


0H^  a  ^  3k,.  C?fc. 


ra  •  ^ 


(a6-5S),  ■“ 


Sven  though  ,-  due'  to  non- harmonic  motion-  of  -the'  armature  piooea 
under  the'  influence  of  constant  accelerating-  foresee',"  -inertia  may- 
..fluctuate,  the  primary,  .'concern  is  with  •  its •  effective;  value  during 
operation.,*  thus  it  will  be  treated  as  a  constant,  ;  . 


Hence 


J  w 


f 

OMt|  J0 


t;  it 


( 46-53). 


•  Thus,,  to- proceed  further,  a  value  for  torque  is  needed.  This  .-is.  : 

determined  as  a  function  of.  the  following  t  ■;  •  ,  \ 

l .  The  flux  density  taken  .for  Saturation, .  provided 

.  S,  The'  current  and  flux  rise  time,  ,  .  ...  ,  ; 

3„  ■  The ■  angular  movement  during  the  rise  time,,.-  - 

4*  Existence  of  a  frictional/  load,  and  whether 
or  . not  it  is  eoulomb  or  .viscous-:  by-  both-.' 

5-  Shape  distortions  that  iriay  Increase  the  effective 
power  angle  and.  Influence  .fringing  .and  Increase 
■■/•■  ■■  .  reluctance >  during  dynamic  operation ,  .  ; 

The  simpler  ease- is  that  of  no  or-  negligible  ...frictional  load;; 

'which  is  thus  a  wise  choice  for  the  Inertia  measurement . 


201  . 


fit 


In  ..this  yafia,  tho  torque  versus  angle  function  for  an  iringnst 
device,  neglecting  current  .rise  tiMe>  •  ia'  as  Shown  in  Figure  77 
where  fcft-  device  tru&pa .  to  .produce  zero  torque  output. 


••FiaURB'  77  -  TORQUE  7S„  .Mat,E  FtSWriON  i ' 


Tf  this  were  -th®  torque  aching,  -  the  ^e.^ultihgvmptidn." Would"  be.  that' 
of  £  damped  sinusoid;  where  the  x'esporjse  after  tg  rather  indetar*-. "  .. 
.mlntint  due  fco  non-linearities the  motion  would  appear  ‘as  In  .Flgdre  70r 


4 


:  ;  FIGURE'  78  -  ,»AMFE)D"' ■  Sim&QIDfip  MOTION. 
Using  the  expression  '  :  t-'Vf-  f:  ■  ;■  ::  i  ; 

>  ’■  ;  *»  '■  %  h-M)  i  ■  ’  ■  ■'  '.t  '■  : 

,  .  .  ..  ■  Tp  7».  peak,  torque 

‘.'-i  ~  one  atop  nfrgle:{: 


(A6-&) 


there  results  4.  '  -  •  -■■■  •:■  ." 

’  j-  JtJ  -X 


^'S  ~ 


\.  J 


ie 
r  *  . 

•wr/t'  ,  . .  .1 


(A6-55) 
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By  the  use  of  agooa  linear  variable  differential  transformer,  if 
the  response  of  &  versus 't  were  obtained >  the  urea  under*  the  curve 
up  to  i,s,  the  end  of-  the  step,  would  equal  the  above  integral . 

6m t5  could  be  measured  as  the  slope  of  versus  t  at  t~.  A,  value 
of  Tp  is  selected  as  discussed  before. 

Next  consider . the  effect  of  flux  rise  time,  'Shore  will  be  some 
motion  during  this  time ,  and  as"  a., re  suit,  the  maximum  torque  at 
the  end  of .the  rise  must  be  somewhat  less  than  if  there -were  no 
motion,  ,  since  -  torque  -  depends-  on  flux,  which  itself  -  depends'  oh- 
’  current'  as  wall  aa  gap  length .  (up  to  saturation) ,  it  should  be 
possible  to  plot,  torque  versus  time’ during  the  rise,, .  Current  • 

,  •  versus  time  for  fixed  inductance  would  be  exponential,  but  inductance 
Increases  as  the  gap  closes-' (L  *  also  reluctance  decreases., 

^.increasing :  fluXi'  torque  is  proportional  to  flux  density  squared.  •  It 
■is  seen  that . ,thie.v becomes  rather  -complex.  If  the  flux  produced  by 
specific.'  currents  at  spec ific  gaps  ware  known,  •  admeasurement  of. 

■ current-  rise  time .  could  bn  used 'with'  a  ineasuPernerit.  of  step  angle 
versus  time  to.  give -..the  angle,  at  the  end  of  the  .rise 'and  thus  the 
■  peak-'-' torque  ■  .could  be-  taken  from  the  proceeding;  .relationship  of 
•••torque  to  position,  -SEhe,  procedure  -  then  might  be  to  break  the-  in'- 
'••-tegral', 'into  two  panto f-/,  . !  .  : 

-  :i ..Assume  -some  .-function-  (most  simply  straight!  line) 
of  f  versus  t  during  the  rise  time'. 

2.  Measure  J^W^fov  the  remaining  portion  and 

manipulate  as  discussed  above .  f  .  .";.y  i-  ■ 

. A  .simpler  -  approach  is  as  follows,  The  ^  versus  fc  response  curve 
will  not  depart  drastically  from,  a  sinusoid,  ©yen' with  currant-  -'  • 

.'.'•••and  flux  rise  time  considered,  since  the  angle  at  the  end  of  the  ') 
rise  will.,  not  be  'a •  .large  percentage  o  f  r.  step  fderlse  -time-  hot 
greater -than  about .1/2.  the  total  step  time;'  (Figur'd 
. oeema". to  be  a  reasonable  situation  based  on  the  potentiometer**: . 
'measured  response  and  current  measurements,  •  l;  ’  1  •- 


2031' 


y-1; 


N v_" (‘5i t iVv?  i  H! .'— 

C’OHttiOGEWtf  RISC.  TiHE 
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AT'  © 


M  ” 


SM  c^i/c,  SiwaJSOlpAUy .';■«&>■  phase. 
3HH»Te»- .  PROM  0K 


V.  ';■;  •  PIOUHK  79  -  SINUSOIDAL  APPROXIMATIONS  V 

The  method  used  for  measuring  output-  position  with  a  potentio¬ 
meters  even'-,. though  it  ia'  an  infinity:  resolution  film  type,,  is 
limited  in  its  capability  to.  .-indicate  the  time  for*  a  single  step, 
which'  us.  noceasuxy-.,  fo>*  bruy  analysis.,,  butt  appr-c;\imai&6  waponaea  . 
were  obtained,  '/  "  ,.  /  ■''  "v  •'  'i"  .  \  Z  '  r  -  ■ 


For  example ,  for  a  step  response  time  of- 
'  -  ;"  '  %  «  ,  COS -sec  ■  i 

Assume -that  peak  torque  Is 


’!?„  .,« '83  r.t-*m  *740  lb -in 
P1 


Flux  rise  time  was  typically 


-001  see 


Front,  Figure  30 


;.r  1 


«s 


a  .s 


(a£'~5'5) 

(A6-57) 

(A6-5B) 

(A6-59) 
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From  •Figure';.  .32 


'■  %9  .-13.  |*7l  .'•‘  .vi  *  70  n-m  *  620  lb -in 

?Yn*  ft  ea 

( At>-6o) 

Ji.uir.tv  • 

I1  =”  70  cos-  S.t rf.i  ■■■■-.  ,. 

(A6-6'i) 

f  «.  1/4 12  «  *  125,  ep'8  ■ 

■  .  nnR  '  " 

'  it  ■  '' 

'(Ao~62) 

T,  ~  70 cos  $ir(t8&)'t 

(A6-63) 

/Tat-". 70.  ■'»  0„09 
.  b  .'■  2ft5rr 

But  t'., .  ;  -  .  r . 

,( AS- 6*1 ) 

■  ?  ,  .  "©fits  -.a-  22-5-^^ X.  *,53?  *  it?*  md  . 

(A6-65) 

•  - ;  a^;*, -e^sc«r  ..  .  V 

•  (A6-6S) 

K  'Z&airt  .  " . -t'  , 

( A6-67.) 

.•/  <9Mcq  **  *?£'C7rGrt$  *•'  n*^. 

-  (A6-68) 

•  <\t  «  4-  .fr.dt  -  n>~&"k&i>z  ■  ■  ■// 

■  ( A6-&9) 

which  Is.  .several  times  greater  than  .the  theoretical  value-/-  If 
the  above  calculation  is  repeated,  for  tg  .  ,,OOi  see.  and  t,  »  iOOOj?  sec 
the  result  is:  \  ’  7'"  't  ■ '.  •*' /  :  '■.■:/  “  "*  --  :  >  ■ 

// :  1 J  *  i>  1’.  x  io*a  kg  -a2  { a6~7o.)  ' 

which  Ir  slightly  less  than  the  theoretical. 

As  J  depends  gra&tlxr  on  measurement,  of.  te,  better 
are  required  to  improve  the'  validity of  t$l»  calonlation. 

Inertia  of  a  Standard  ■Ball-Bearing  Harmonto  Drive  Unit 

Nomographs  brve  been  prepared  .for  the  average  inertia  to  be  expected 
for  a  .c.QRvenfcioiitvi  Har-r/ionie  Drive  Unit,  From.. thee.,®* ;for  Dp  1/4.  Inch, 

■  -v  t->r 

■  V  .  ;  V  205  -  : 


Inertia  of  the  .Owns a  Plate  -Wave  dcr^rator 
(l1ie^>XIo¥fv^‘^7alyals'>appIltea'lH)‘  a  wave  generator 
represented  by  Figure  80. 


Kinetic . energy  due  tc  axipl' harmonic  motion  of  the  plate  la  equal 
•*'  '  '  ..  >'*p  “  4r  Jp  .(  ypjjj’ )  (  A6  -  i  ) - 

where  ■  -yhj*.  ■ 

,  Wp  «  kinetic  energy  ■ 

J1  '•  '::Sp  .  ••*-.' inertia:-  of.  the  plate  rotating-  around 
.  y,.-.  _  r -  a  eehtroidal  axis  perpendicular  to  the 

v:-  •  •  ....  devious  *  axis. 

■ ■ '■« -maximum,  axial  velocity.  V".  -• 

This  is  based  oh  the  concept  that- this  maximum  velocity  applies  to. 
the  locus  pf  the  ends  of  the  minor  axis  (90  phase;: shift  from  .the 
ends  of  the  major  axis ) .  ’  ,  "  . 

■  QV,VI.  .»  2rr f9t>  -1  "  ( Ati -7 1 ) 

whepe  I,..  'i  '  .%>  .  -w  '  single  amplitude  of  angular -motion  of 

-  \  rrl  •  plate  .  X 

and'  V  '  -  -  >  :  -  .;.  '  .-  ■  ■■'  ’  ' 

-  -  t  «  H g  qo  '  ....  (A6~7*0 

where  ,•  ■  .**  output'  speed  of  device.  -, . 

Kg  »  ; Harmonic  Selva  ratio  .  .  . 


(  Af>- 


?06 


Wji  'Jpo  ® 

jPA  effective  inertia  of  the  plate  at  the 
output’  due  to  axial  wot  Ion, 


Equating  y&luea  .of  «Pk 

•  •  vp0  ».  -4|r5|  m*\i  . 

Jp  is  found  as  follows*; 

to  ?wiiwi  mfe  <g?S  &Saei)fi4 

.-homogeneous,  auj&uu  «4'Cu*cu  •— r-.;v  •*  1 

which".  v.v.  .v-.v:.'-/.  .  /  ■:*  .-v  •  ( 


■  ’"'V  1/4  wr  ■>•  l/te  M 


:r-zzx::^ 


tT'*'--.-  ■ 


(A6-T5A) 


(.a6~76) 


(A6--77) 


**4  0,  K--  fcf 


FIGURE  8l  '~  SWASH  '.PLATE  SIMPLIFIED  MO0EL 


girwe  R.;Af-  to  (actually  ibas  by  the  hH  thickrieas, .  dedendum*  and' 
~2  inertia  bearing  point.) 


16  IS  J 


f  if  -^P  C 


C A6-78 ) 


(A6-79) 


. where  •  /  »  maos  density 

C  is  found as  followat  .  ./ 

From  the  .diagram  of .motion  of  the  plate*  again  considering  the 
lengths  as  Dp:  .  . 


...  "a  '  *"■  -JS2  epn 


(A6-80V 


b.  i.s  •;the/iiwrea»p.,ih.'v;i^th  to  assure  dfeO.ect3.on  in  the1  face  of 
variations  _1rt  Kh-l'erattCas •  arid .  excessive  axial  motion. 


variations  in  tdierartces •  aM..e:tcessive  axial  motion. 
,  Taka'.  >  ■  «•  1/4  a  ”  :  '  " ........  ..  .  .'■  '  -  ■  ",  ■ 


■C  v,  2 ( a*iy) •.«  2 . 5a .  «  1 . 25..  Dpepm 


(A6-61) 

(A6-82) 

(A  6-83  ) 


0.98  f  ePw  2>p5  [4  +  ]  ( A6-84) 


*'s  V’  ■  H|'  Op*p  1"  of  t bo  order  of  dP  to  ’.1,0°.  of  <5.3  to 

0.2  radians*  so  that;  '  ,  :  '  ■ 


Thus  v  >  *? 

Jp  <a  Jz„.&  ?•'  0,98  pOo,t]  Pp  ,>0613  /? ©pm £)/  (AG-86) 

'■'''.  •.*  *  lb  .  .  1 

where  Jp  is  used- ./or  easier- notation.. 

/,  Tpa  x  ( A6-87 ) 

Now  from  Figure  8l  .  .  .  ' 

d  *  X)p(l-oos  ;*ipm )  (a6-88) 

.  .  epm  .  ■=*.  *?*"-(*  ~  %)  -  *“f '{* "  4)  **  '  (a6"89) 

4T 


|.Li.||g.ggj 


(A6-85) 


9pm  >  ^r;t/}  -  fj*J  -  4 
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For  the  right  triangle  {aee  Figure  8a) 
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For  small  angles  leas  than  10° » 
e  sin  &  " 
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a 

rr-ws^ 
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Jp0  "•  cL1/?/?  #g2S)p^{jiL)\  *'  'if  &yl1  f  V^-  %- 

w/ 


5“ 


{ A6“90) 


(A6-91) 

( A&r92 ) 

(A6-93) 


(A6-94) 
(A<5"9!?. ) 
(AS- 96) 


Thin  i«  about  7  tifiBfi  that  for  a  conventional  ball  bearing- type. , 
For  example,  for  Pp  «  3-25  inch.  Kg  »  156,  steel  armature 


78+  k 


{•A6-97) 
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the  conventional  ,T  1.0  kg-rvf"  {Equation  Au-Y'l ) 


JPo 

Jc~ 


( a6-^8) 


It  Is  believed  that;  this  results  from  the  wedging  action.  3  That  is, 
to  develop  a  certain  deflection  of  the  fldxapline  requires  a  much 
larger  motion  of  the  periphery  of  the  awash  plate.  In  tha;  above 
example ,  the  corresponding  peripheral  motion  Is 

■  1.  «.■§£.  0.86*'  (A6-99) 


and  the  deflection  is; 


d 


and' 


% 


,0208" 


^  «*  'VrJ  «  as. 5 


( A6--100) 


(A6-.101 ) 


Other  sizing  factors  account  for  the  difference  between  7,4  and 

12,3  jf .  ;  ■ 

"There-  is  additional  Inertia  if  the  awash  plate  also  rotates  -  around 
the  device's  axis'.  This'  la  not  necessary  however. 

It  la  also  necessary  to  check  that  the  width  C  is  sufficient, 

-  to  make  the  plate  essentially  rigid 

-  to  carry  the  necessary  flux 


For- the  example  used  ,X 

C  ■■»  1.25  »pQpm  ,  '  '  ; 

&PM  «  0.160  rad •  *  y,15° 

Y% 

.  C.  »  1.25(3.25)  0. 16 >*  0.65  Inch 
which  should  satisfy  both  requirements . 


-  (A6-102) 

'  (A6-.103) 
(A6"104) 
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APPENDIX  VII 

THEORETICAL  ANALYSIS  OF  POWER  KATE, 
MAGNBIPQHOTIVE  FORCE,  AND  POWER  OUTPUT 
FOR  THE  STEPPING  ACTUATOR 


This  appendix  was  prepared  by- 

xi’pt  w  £t  ^  0  ^  Hsvrttos^j,  ilx* , 


The  average  torque  developed  by  the,  EHD~3'can  be  calculated  . 
from  the  work  done  by  the  "'ll**  jaaguetB.  for  .oisa  revolution 
of  the  output  shaft  divided  by  2  HV  This ’figure  X»  multiplied 

•  by  the-  torque  efficiency  iL,  in  order  .to  account  for  friction 

in  the  Harmonic  Drive.  The  wpx'k  done  per  cycle  by  a  magnet 
is  denoted  by  WrtB,  Thus  the  average  output  torque  TM  is  - 
given  by  %4  n 

..%£  •  .;•  ,  (A7-1) 

-.. "  ...  •  ".  rr  .  ■  ■■;■ ;  ■■  .:■  ' , 

A' factor  of  2  in  the  numerator  and  denominator  has  been 
cancelled.  The  numerator  factor  of  two  arose  from  the  fact 
that  for  each  revolution  of  the  output  shaft,  each  magnet 
executes  2Rg  cycles  of  operation  where  R»  is  the  reduction 
ratio  of  the  Harmonic  Drive.  Till  a  as  Burns  o  a  flexepline  shape 
with  two  points  of  contact  with  the  ring  gear.  The  denomina¬ 
tor  factor  of  a  that  has  been  cancelled. name  from  the  2 
factor  used  to  change  revolutions  to  radians. 

>1  .  *  ,  ,  ;•  "  ..  •. .  ,  '  ......  .  .,  _ 

How  the  magnets  should  be  designed  depends  upon  what  para-  ' 
meter  is  being  maximized  And  what  constraints  are  being 

U  -k-i  -  \J»  Ait . ».  4  +  v*»  .  .  •*  .. .  t:  ..  _  1  :  • .  *.  •  “  - 

.-••■i*  J^VI^wU  <>'.*&  lii  4.  ^j,l  l  *  A  '-tX-  ■.  ^,'Ul^WTAvia  .‘.Jtu.  *  WJ.»  V  «■.  v  •••,**  ij  ., 

assumed  that  the  goal  is  to  maximize  the  torque- squared- 
to~i'nertia  ratio  or  -power  rate  Pm  subject  to,  limitations,  ' 

•  on  the.  width; 'volumes  and  1«R  loss  of  the  magnets.  The 
limitation  on  width' arises  from  the  chosen  method  of 
driving  the.  flexspline*  viz..,  driving  with  Internal  levers 
having  armatures  for  the  magnets  located  at  the  ends,  For 
a  given  flexspline  size  and  a  given  number  of  magnets,  this 
means  that  there  is  a  specified  amount  of  peripheral- length 
of  the  flexspll-ne  that  car  be  associated  with  each  magnet 
as  its  width  diwdnolon.  Also,  for  the  given  conditions, . 
there-  la  a  limited  volume  that  reasonably  can.  be  associated 
•with  each  magnet  as  well  m  a  maximum  .1%  lose.  Although 
in  practice  there  may  be  other  constraints,  such  as  current 
and  voltage  limitations  on  the  semi-conductor  devices  used 
to  control  the"  magnet  currents,  these  are  assumed  not  to 

be  binding  in  ths  analysis  of  this  appendix. 

An  alternate  goal  to  the  maximizing  of  the  power  rate  is 
maximizing  the  output  power  of  the  EHD.  Such  a  goal  is 
more  complex  than  the  power  rate  consideration  since  soeed 
limitations  imposed  by  owitching  and  back  emf  considerations 
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come  into  play.  .  However,  to  the  extent  that  maximizing  the 
magnet  work  %g  poz*  oycie  is  equivalent  to  maximizing  output 
power.  It  will  be-  seen  that  maximizing  the  power  rate  will 
come  close  to  maximizing  output  power.  IMS  cornea  about 
since  torque  or  force  enters  the  power  rate  expression  as  a 
squared  quantity  whereas  the  inertia  enters  as  a  quantity 
raised  to  the  Inverse  first  power. 

The  power  rate  ia  given  by 

PM  «  IM2  .<•  (*7-8) 


Considering  the  various  components  of  inertia,  it  io  found 
that  the  powej?  rate  can  be  expressed  as 


ci  P 9  9 

\  %" "  V 


tr 


a 


(A7-3) 


The  fdroc- squared.- .to-inertia  ratio  pft  /M  or  power  rate 
of  an  individual  magnet  Ik  * 


since  W /d  la  the  average  force  developed  by  the  magnet 
during  ite  working  stroke .  From  Equation  A7-3  it  is  seen 
that  maximizing-  the  cower  rate  of  the  Harmonic  Drive  would 
.»#  equivalent  [to  maximizing  the:  force-squared- to-inertia  of 
the  Indlviaual  magnets  if  the  moment'  of  inertia  Ji's+J«  of  the 
flexepline  aaaembly  were  negligible.  . 


Having  formulated  an  expression  for  the  power  rate,  the 
next- atop  1b  to  establish  the  magnet  configuration  that 
maximizes  the  power  rate  within  the  limitations  imposed  by 
the  specified  constraint  a..  Figure  28  shows  the  key  dimen¬ 
sions  of  a  typical  magnet  for  the  general  arrangement  that 
has  been . ohooen  for  the  laboratory  model  of  the  stepping 
field  actuator.  This  figure  assumes  that  the  collo  can'  be 
tapered  in  order  to  gat  the  maximum  amount;  of  copper  Into 
them,  it  this  were  done  in  the  laboratory  model,  the  volume 
Vmtf  of  -  a  magnet  (indicated  by  the . dashed  lines1/  would  be 
approximately  6.0b  cubic  inches  or  O.99  x-  meters^.  This 
volume  appears  to  yield  a  reasonable  overall  size  for  the  mag¬ 
net  assembly  relative  to  the  flexspiine  dimensions.  It  is 
therefore'  taken  as  the  first  of  the  specifications  in 
determining  the  icteal  magnet  design.  In  terrnis  of  Figure  20 
this  -  volume  is  related  to  the  key  dimensions  as  follows: 


TT^pt-  cr-b)  p>Tr(iy 

n 


t  2c  f 

TT""'’ 


£})-+•  V<j  ~  -+  3b) 


(A? -5) 


It  ia  proposed  to  step  the  currents  In  the  coils  in  such  a 
way  that  \  magnets  out  of  the  1.6  will  b®  excited ' at  any  one. 
time.  Fox*  purposes  of  power  rate  calculation,  the  “power" 
angle  between  the  flexapline  major  axis  and  the  magnet e  is 
assumed  to  he  such  that  the  magnet  gap  changes  from  its  mid- 
value  to  its  minimum  value  while  excited.  This  condition 
corresponds  to  an  elliptical  chape  for  the  flexapline  and 
maximum  work  (output  torque)  from  the  magnets.  Far  the 
<|i3 touted  flexeplins  shape  dlaoussed  in  Scotian'  3,  %  a 
larger  amount  of  work  can  be  obtained  from  a  magnet  during 
its  excited  period,  because  the  "power"'  angle  can  -be  selected 
so  that  the  magnet  gap  changes  by  a  greater  amount  than  .whan, 
the  ideal  shape  for  the  flexapline  ia  maintained.  This  will 

fartl&liy  compensate  for. the  increase  in  the  inertia  caused 
y  flexapline  distortion, 

■  In  summary,  the  power  rate  will  be  calculated  fox'  the  ideal 
f.t exspline  shape  with  .the  knowledge  that  it  will  diminish  ns 
the  flexapline  distorts  but  not  as  rapidly  as  thf  inertia 
increases,  Also,  it  will  he  assumed  that  the  coll  current a 
reach  their  steady  values  In  times  that  are  short  compared 
to  the  "on-time"  period,  Thus  the  power  rate  that  la  com¬ 
puted  corresponds  to  the  upper  limit  on  power  rate  as  the 
speed  approaches  zero  and  the  shape  of  the  flexapline 
approaches  it a  ideal  form. 

The  second  specification  of  the  magnet  design  is  the  power 
that  1.3  to  be  dissipated ,  as  I'fft  looses  in  the  colls.  In  ■ 
the  laboratory  model  it  is'  estimated  that  100  watt a  o£  heat 
can  be  dissipated  from  the  magnets.  This  means  the  I*fl  loos 
per  coil  F0  can  bo  -3.00/8x4  or  12*5  watts  since  there  are  two- 
coils  per  magnet  and  4  magnets  are  excited  at.;  any  instant. 

The  'problem -of  maximizing  is  equivalent  to  finding  how  the 
fixed  magnet  volume  should  be  shared  between  the  iron  and 
the  copper,  obviously,  either  too  much  copper  or  too  much 
iron  will  yield  reduced  power  rate  through  reduction  of  the 
'available  magnetic  force.  For  the  laboratory  model  of  the 
•■EHD**3  the  flexapline  dimensions  are  fixed  with  lx,  ".3,85 
inches  and  d«0,G208  inches.  This  means  that  the*  dimensions 
•  "b",  "b"  and  "w”  of 'Figure  28  are  to  be  chosen,  thereby 
fixing  the  ratio  of  Iron  to  copper.  However,  the  volume 
constraint  implies  a  relationship  among. these 'dimensions  so 
that,  effectively,  only,  twolare  free  for  the  designer  to 
manipulate'.  .  in  order  to  .further  simplify,  the  analysis,  V 
will  be  assigned  an  arbitrary 'Value  of  0,8  "b"  thereby- leaving 
only  the  magnet  leg  width  "b  aa  a  free  variable.  It  Ibj  "... 
reasonable  to  make  "v?"  somewhat  less  than  "b"  In  view  of  '• 
the  magnet  width  limitation  imposed  by  the  requirement  of 
.fitting  16  of  them  around  the  periphery  of  the  flexapline. 

The  procedure  for  adjusting  "b"  for  maximum  power  rato  K, 

Is  to  calculate  the  later  aa  a  function  of  the  former  am 
find  she  .maximum.  This  is  done  numerically  in  view  of  the 
algebraic  Complexity  of  the  relations,.  For  a  given  "b"  the 
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coil  dimensions  ai»o  wstablicheu  aiid,  for  the  .speci  fled  ooiX- 
power  dissipation  -FCJ  this  establishes  the  available  MMF  as 
follows:  ■■•''- 


y*  ss.  2  l/  *3q  Ac 

r>*  *  T^rrs 


where  Ac  is  the  coil's  cross  sectional  area,  Lc  its  mean 
turn  length  and  pc  is  the  effective  resistivity  of  the 
copper  allowing  xbr  the  winding  space  factor*  and  infmi 
A  resistivity  of  3.44x10**^  -ohm- meters  ip  used  in . the  numerical 
calculations;  this  is  baaed  on  the  winding  cross  section 
being  approximately  50-  percent  copper, .  'The  factor-  of.  2\:M- ... 
corresponds,  to  two  coils  connected  series-aiding,  v  ■' 

Prom' 'Figure  £0  the  mean •  turn  length' and  cross  section ^area 
of. a'  coil  -are  estimated  as,  .■respectively  *•"•  V?; 

■  ’ \ •  “  ‘  '  •  ‘  '  V  «  ■  *1’  •  v  •  ■ 

"  ’  .  .  .  ■  .  „  "/  •  r- 

*  b)  -  Wl  V'-..-. 

.  L  Sft  .  -  ‘SJ  +  :p>  2;v  '  "  { A?’  -7 ) 


ac  50 'nr 


±±2l  -  w‘ 

1  5 


(A?-8) 


With  it he  MMF  established,  the  mechanical  work  wmg  done,  by  the 
magnet  In  closing  the  gap  from  xg  to  x*i  is  computed.  This  is 
done  by  considering  the  iron  to  be  infinitely  permeable  up 
to  saturation  and  incrementally  Impermeable  after  saturation: 

mUwO,  ■.. »  i.i.i i  gap  -•  S  , 1*1 g  X  a  O  C  UU  ,  -  ivjiO yV1 lig  ti.Srtf  b.h^? 

mechanical  work  ia  given  by  the'  area  traded "by  the  magnetic 
operating  point  in  th®  flux- MMF  plane,  expressions  are 
developed  for  it  on  the  assumption  that  the  MMF  reaches 
full  value  rapidly  compared  to  the  time  required  for  the 
gap  to  close.  Three .  different  cases  arise  depending  upon 
whether  or  hot  and  when  the  magnet  saturates.  These  cases 
and  the  corresponding  equations  for  Wmg  are  given  in  Figure  83. 
In  these  graphs  "/S*1  is  the  magnetic  flux  density  and 
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=••  Me-  tn 
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(A7-9) 


*  S  X  *'  ,  -  -  (A7-10) 

where  /Uc  is  the  permeability  of  free  space  (or  air)  and'i?m  is 
the  saturation  flux  density  of  the  iron  (assumed  to  be  2  webers 
per  meterS  in  calculations  or  appx-'oxl mu  be  i-y  130,000  lanes  per 
square  inch) . 
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FIGURE  83  FLUX  DENSITIES  VERSUS  MAGNETOMOTIVE  FORCES' 
(For  Appendix  VII) 
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The  air  gap  is  the  our(,  ■;*•]£  the  two  individual  gaps  shown 
in  Figure  28,  .  fhe  atirtij.Jtum'  gap  with  the  armature  substantially 
in  contact  with  the  n^n’et  poles  is  taken  as  X|  ,006  inch 
to  allow-  for  the  remaining  gap  and  the  discontinuity  in  the., 
magnetic  path.  Xj>  is,  t^ken  aa  the  gap  corresponding  to  the 
armatures  in  mid  posltlbn*  and  is  calculated  from  Figure  £8 


as 
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•8*he  effective.  maos  J^.-of  the  magnet  armature,  to  bo  used  in 
Equation'  >V?-3  is  that  ''which,  if  placed  at  the  tooth  bed  of 
the  flexspiine,  would  ;be  equivalent  to  the  magnet  armature 
'laminations  associated  with  one  magnet,  Frqw  Figure  28  this 
mane  may  be  computed  approximately  as 
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whore  the  interior  diameter  D_~2b'  is  used  for  computing  the 
volume  since  the"  laminations  comprising ..-the  armature  are 
close  packed  at  this  diameter  from  which  they  fan  out  radially, 
x>  •?  a  the  density  of  the  arw aJ'-nre  l^mirstiono  . 

Finally,  an  expression  is  required,  for  For  designs- 
similar  to  the  laboratory  test  model,  this 'is  the  inertia 
that  io  added  to.  the  flexspline  on  account  of  the  rotation 
of  the  magnet  armature  laminations.  From  Figure  28  this 
inertia  can  be  approximated  as 

“wj  (Dp"b)2 

(A? -13) 

On  the .basis  of  the  above  equations  the  parameters  entering 
into  the  power  rate,  expression,  of  Equation  A7*3  -are.  computed 
as  functions  of  the  magnet  leg  width  ’W  Figure  29  shows  1 
how  the  power  rate  varies  with  the  leg  width,  "  From  this, 
figure  it  is  seen  that  the  leg  "width  producing  maximum  ■  - * 
theoretical  performance  la  in  the  vicinity  of  0,8  inch.  This 
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position  tinder  conditions  of  maximum  "average  output  torque. 
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is  considerably  larger  than  the  0,5  Inch  used  in  the  laboratory 
model  and.  results  in  a  theoretical  power  rate  improvement  by 
better  than  a  .factor  of  four  over  the '-model.  It  is  interest¬ 
ing  to  note  that  the  maximum  power  output  from  the  EHP-3  ha3 
a  maximum  at  nearly  the  same  value  of  7,b,!  as  does  the  power 
rate.,  A  separate  curve  of  output  power  is  draw  in  Figure  29 
for  100  pulse  per  second  frequency  input  to  the  coils.  This 
corresponds  to  19.2  rpra  shaft  speed. 

Also  shown  m  Figure  29  te  a  plot  of  total  magnet  ampere 
turns  as  a  function  of  the  leg  width  "b,f .  The  available 
magnetomotive  force  is  seen  to  decrease  almost  linearly  with 
increase  in  leg  width.  At  the  ideal  leg  width  value  of 
0.8  inch,  the  available  ampere  t\r*nB  are  insufficient  to 
produce  saturation  at  middle  armature  position  where  the 
current  is  turned  on.  The  flux  density  at  this  moment  is 
77  percent  of  saturation. 

The  reason  that  Figure  29  shows  maxima  for  power  rate  and 
output  power  at  nearly  the  same  value  of  leg  wid'  h  ’V  la 
that  the  moment  of  inertia  %  is.  almost  invari&wt,  with  thio 
parameter.  With  a • constant  Jm>  power  rate  varies  as  the 
square  of  the  torque  T^.  But  the  torque  is  proportional 
to  the; output  power  since  the  speed  is  constant.  Thus, 
power  rate  is  proportional  to  power  squared  and  the  maxima 
are  coincident. 

The  moment  of  inertia  would  be  expected  to  increase  with 
leg  width  "b".  However,  flat  rather  than  tapered  laminations 
are  assumed  for  the  armature.  This  means  that  the  number  of 
laminations  of  a  given  thickness  decreases  as  "b"  increases 
since-  the  inner  radius  of  ...he  armature  doorcases.  The. 
reduction  Xn:  thS  number  of  laminations  nearly  cmcwiq  Cm; 
increase  in  width  thereby  making  the  moment  of  inertia 
nearly  constant.  At  to«0,8 inch,  the  moment  of  inertia 
JM  la  1 . 12x10 ~2  kilogram  mster2.  The  breakdown  of  this 
inertia  Is:  flexspllne  J3,  5  percent}-  rotational  inertia 
Jr  of  armature  laminations,  22  percent ;  and  effective  inertia 
Ja  °f  armature  laminations  associated  with  radial  motion, 

73  percent.. 

Some  idea  of  the  proportions  of  the  parts  of  the  EHD-3  with 
a  leg  width  of  0,8  -inch  nan  be  had  from  Figure  28.  The 
general  conclusion  drawn  from  this  study  of  the  magnet 
configuration  is  that  more  iron  and  lees  copper “than .would 
b®  intuitively  selected  theoretically  yields  the  best  design 
in  terms  of  eitne  power  rate  or  power  criteria.  However,  for 
large  leg  widths  it  would  be  necessary  to  use  tapered  lamina¬ 
tions  in  the  armature  in  order- to  avoid  saturation  limiting 
of-  flux  by  this  part  of  the  magnetic  circuit,  This  would 
tend  to  cause  the  inertia  to  increase  with  'V  and  to  make, 
the  power  rate  maximum  occur  at  *  lower  value  of  "b",  perhaps 
in  the  vicinity  0.75  inches. 
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The  power  rates  indicated  in  this  study  actually  cannot  he 
achieved  because  of  saturation  .limiting  in  the.  armature  lam- 
inations  which  reduces  the  saturation  flux  density  ir.  the 
magnets  below  the  assumed  level  of  2  webers  per  square  meter. 
However,  use  of  tapered,  armature  lam  3  nation's  would  he  expected 
to  yield  power  ratti'jB  not  too  much  lower  than  those  indicated 
in  Figure  29  j  perhaps  1800  kw/sec  rather  than  2700  kw/sec. 

A  summary  of  the  assumptions  upon  which  Is  based  the 
analysis  of  the  magnet  configuration  leading  to  Figure  28 
is  given  in  Table  VIII.  The  value  of  this  analysis  lies 
not  so  much  in  the  specific  results  as  in  the-  general 
insights  that  have  been  discussed  above  and  in  the  develop¬ 
ment  of  a  method  for  magnet  design  for  EHD-3  applications. 

The  specific  results  can  have  utility  only  to  the  degree 
that  the  assumptions  of  Table  VIII  are  satisfied. 
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„ APPENDIX  YIII 

STALL  TORQUE  HgASlfflEMKNTS  (&ED-3) 


Figure  33  nhunri  the  taken*  Xu  pei-T Oi-aLuig  etwll  iiov^uw 

measurements.  While  the  test  was  in  process,  it  became 
apparent  that  certain  poles  had  higher  stall  torque  capa¬ 
bility  than  others.  After  this  fact  ms  noted,  the  remainder 
of  the  test  was  run  using  a  particular  set  of  poles.  It 
turns  out  most  of  the  teat  was  run  using  this  set  of  poles 
anyway  because  it  is  a  preferred  position  as  far  as  the 
^electronic  circuit  io  concerned.  This  preferred  condition 
Is  due  to  interaction  between  power  supplies,  loglo  cir¬ 
cuit*?,  and  the  analog  to  digital  circuit,  the  Xut* 
quite  voltage-sensitive „ 


...  «. 


The  curve  (Figure  335  Xa  an  average  for  all  points  at  any 
particular  current  level  and  was  shaped  to  fit  a  smooth  con¬ 
figuration,  Lnuiustiwii  of  of  the  iron  structure 

is  to  be  noted. 
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APPENDIX  IX 


NATURAL  FREQUENCY  OF  FL  EXSPLINES. 


IX  l  Analysis  \ 

The  mechanical  natural  frequency  of  the  f  1  exopllrie  might..  limit 
the  speed  of  response,  and  the  steady  state  speed.  It  Is  con¬ 
structive  to  compare  the  estimated  natural  frequency  with  fcjyst* 
required  frequency  of  the  harmonic  deflection  Thio  S.ss  ax-  * 
peated  to  be  about  100  ops  maximum. 

There  are  two  basic  types  of  flexspllneb  to  be  considered. 
Figure  84  (A)  and  (B). 
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FIGURE  BU  -  NATURAL  FREQUENCY  CALCULATION  MODELS 


Disregard  shell  diaphragm,  etc.  In  general ,  these  should 
raise  the  due  to  restraining  action. 

•  ••  « 

Aaoumw  tha't|  the  two  lobe  dex "lection,  Figure  84  (tl1/  is  anaio 
guuu  to  a  apring  wyatem  like  that  of  Figure  64  to). 

With  :  .  «* jpi ?.«**,  vf  the  sprir«gu  d 4.^.0^ 9  a.  total 

amplitude  of  d/2.  For  tho  above,  «  £>p. 


fj  -  7.62  x..  10 '  kg./ia”’ 

M  t  /I  lv  M,g>  2  x  io;2vg 


duo 

1?7T' 


7(W  c^s 


In  comps  ri  aon  the  measured  value  waf.  f>20  ops.  Taking 
into  account  the  mass  of  the  shell  portion  the  fjuieu- 
Xu  wed  4'n  would  d-9  decreased. 


With  attached  u mature  mass,  the  frequency  would  be  less, 
If  the  mass  of  the  EHI1-3  armature  ( 16  x  0,1.3  s  2.2  kg, 
see  Figure  69)  la  considered  effectively  attached,  the1 
maiia  is  about  LOO  times  greater  so  that  -fn  la  about  ?0  cps 
Acu tally  the  mass  is  not  attached,,  bq  the  full  mass .  is  not 
effective,  .end  the  result  should  be  somewhere  between  700 
and  JO  ops. 
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APPENDIX  X 


HEAT  DISSIPATION  AND  TEMPERATURE  RISE  ANALYST 


*- 


Analysis  is  desirable  to  determine  the  general  heat  transfer  sit-- 
nation,  whether  or  not  forced  cooling  is  likely  to -be  required  '' 
arid  to  what.,  -extant .  The  psroblea  is  eoiuplicuted  primarily  by  the 
matter  of  whether  of  not  a  significant  conduction  heat  transfer 
path  will  be  established  between  the  coil  and  the  housing.  If  s 
so,  assuming  that  the  ambient  air  temperature  surrounding  the  device 
is  moderate  enough  to  permit  a  normal  temperature  rise,  say  60°c, 
then  forced  cooling  should  not  be  required.  This  conclusion  •  is 
bag'-dd  on  the  relative  large  surface  area  of  the  housing. 

Next  consider  the  e-s,9e  where  there  is  no  significant  conductive 
heat  transfer  path  between  pwiia  and  housing.  To  prevent  contami¬ 
nation  of  the  air  gaps,  tight  se-sillng  of  the  housing  ie  necessary. 
This  means  that  the  air  inside  will  be  trapped,  resulting  in  a ^tem¬ 
perature  gradient  through  the  housing  wall „  If  NEljdA  Type  B  insula¬ 
tion  Is  used,  the  allowable  temperature  rise  is  85°d  besed  oh  a 
HQ°G  ambient  and  a  5°C  hot  spot  allowance,  giving  a  maximum  winding 
temperature  of  130°C,  Hie  convective ' heat  transfer  coefficient 
will  be  of  the  order  of  .003  to  .004  watts/lir-  -  °C,  which  .la  about 
half  the  value  given  by  the  authors  of  References  10  and  16  for 
colls  exposed  to  still  air.  The  ■£  factor  arises  from  the  non-  • 
ventilated  enclosure,  This  assumption  waa  also  checked  roughly 
by  calculations  from  Reference  31.»  Bag®  100.  More  detailed  oal- 
culatlonn  ere  possible  using  the  methods  described  in  the  latter 
reference. 

li.  xb  awduflieci.-h.!  so  that,,  even  if  thi  ■  space  Bet-Veers  colic  An  I  housing 
3?s  too  small  for  good  convection,  the  conductive  transfer  through, 
the  air  makes  up  the  difference,  Hence,  the  area  .la  taken  as  the 
surface  area  of  the  annular  ring  of  the  colls,  excluding  the  inside 
against  the  flexapllne. 
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APPENDIX  XI 


PERFORMANCE  ANALYSIS  OF  TUE  H03.WINS  FIELD  TV  PEI 


XI-1  Calculations  for  Model  EHD-2 
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30°  was  taken  as  ti?e  pressure,  angle  after  rework  of  the 
original  200  angle  which',  including  aome  tenth  manufacturing 
errors ,  did  not  perform  well.  •  , 
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Now  refer  to  Figure  B*> . 
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FIGURE  83  DETAIL"  OP  THE  MAGNETIC  CIRCUIT,  « 

MODEL  EtlD-2 

End  View  ~  Axial  length  la  1,0" 
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Xa  a  .006"  a.  1.5  X  1(H*  JiV 

Xi  -f  Xp  t  tf  -  0,107“  for  this  model 

w-iid  t ^  “«*  0, 01411 

xg  «  .087"  »  2.2  x  io-3  m 
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a3  ir*  this  case  .u,  Is  ihe  same  as  the  permeability  &f  air, 
uu.nce  there.  is  no  'inatarlal  in  the  X}  gap. 


*44Z  la  1/2  that  used  in  a  well- engineered  magnetle-partlole 
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The  eddy  current  loss  la 
p  2. 
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(All -37) 


Total  eddy  current  loss  for  all  three  phases 
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yAvJeh  is  high  due.  to  the  edjiy  currents . 

The  ijl-Mvor  copper  iosi»  isjl 

P  -  *  (l.'^ljT^.l  *  15  watts  per  half  phase 

For  all  three  phases 
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The  peak  air  gap  flux:  la  calculated  aa  follows: 
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which  agrees  very  favorably  with  the  desired  sinusoidal  flux'  distri¬ 
bution  , 


Peak  air  gup  flux  lens  •.  v-y  .at  the  cantor  Ja  thus  : 

,n  ... .  , '  '?. 

'V  Tq  '  ;  , 

Multiplying  ty "1-1/3  to  account  for  the  other  phase* 

&><.«  l.S(0.3fi)  o.4s  w/^ 

.Bba  t»  n*» » ew  fcne  saturation  icvai  vi  the  rowdy*  , 

IX i«  to  the  nocked  shape  of  the  pole  tip  In  the  stator  pole  and 
the  stack! tig  factor  of  the  lamination ,  for  the  iron 

.ii.ilnU.  1  ...  ,2 

ji  •  <•>.'»•.«  (^“.7*0 5  rem  °-Ri<  w4vi. 

This  is  i'f.r  Wo  low  too  na'tnrntion  of  the  material  used  (silicon 
steel) . 
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Assuming  that-  the  flux  dlotr.Unroicn  hi  ssinof.rvidal.,.  use  of  the 
express! on  for?  finding  KT  for  a  number  of  at  various  angles 
from  the  major  axis  and  d>m  ~  20°,  there  result : 
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how  eons ider  a  power  bookkeeping  analysis  for  the;  device: 
Fewer  Input  97  x  3  991  watts 
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Hence,..  117  watts  most  be  divided  between  two  pl$ccc ,  the  losses 
osaociascd  with  the  Harmonic  Itrive  elements  and^t-he  Induction  0 
mot oi  power  output  which  appears.  a«  bout  In  thtVrotor  (rotor  i'll 
loss).  .A  no-load  teat  was  not  ran.*  so  calculations  of  induction 
motor  power  .were  not  made.  It  is  likely  to  t>4  considerable ;  since 
the  gap  Id  nearly  aa  .'large  ae  for  the  wotoi'V ha fore  it  was  modified, 
due  to  the  continued  presence  of  the  laminated  core,  and  the  flex- 
spline  acts  aa  u  .squirm 1“  cage  rotor  with'  shorted  end,  etc.  On 
the  other  hand ,  the  losaea  for  the  Harmonic  Brlve  action  may  be 


*  'Phis  requires  use  of  a  non-metdllic  rigid  ,  plug  to  -  keep  the  fl  ex¬ 
amine  from  deflecting.  " 
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“higher  than  the ir  •  usual  low  fijui'e ,  due  “to  at  least  two  factors: 
(l)  Sliding  u.t  the  fiexftpline  against  the  stator.  Wien  run  with¬ 
out  tooth,  the  units  run  about  17%  iu.v  in  speed,  so  that  the 


hctrunitloiv  in 


;n.p  la  not  quite  .matched  to  the  teeth , 


(2)  Tooth  gliding,  Due  to  the  extended  arc  of  deflection,  produced 
by  the  180°  sinusoidal  iflux  distribution,  there,,  may  be  departures 
from  the  proper' harmonic'  'shape,  resulting  in  greater  tooth  loapea. 


r*  n^f  f’in 
•*  *■  -  - - -  **  ’T" 

Is  only 


V  x  V  «_*  u.  X  ,  V 


T?.p  *  Ll.i’i  -,yr  (2,9)  .  -  b,i>  -j?t  ,  (All-59) 

nrKi,  even  if  ’ty  ^  la  taken  relatively  high,  such  as  »  o,6 

^hd  «  6.5  { 0, ho)  «*  3*9  watte  (All -60) 

whereby  loosed  lu  the  Haimmic  Drive  are 

2,6  watte  ( All-61) 


Hit),  <*  6,5  (1,0-0,60) 


The  balance,  117'  •-  2.6  -  3.3,4  watts,  must  be  copper  losses  In. the 
rotor.  This  is  indicative  of  an  induction  motor  with  a  high 
resistance  rotor,  whose  characteristic  is  as  shown  in  Figure  66. 


T  (’-tv-jccjus) 
tf  I  C  I  t'orjj 


4>  (Speed)' 


lywuHE  86  -  ijibucfiow  motor  characteristic 

Near  stall,  where  this  device  3a. operating,  efficiency  la  very 
J,oW,  The  value  &V  induction  motor  torquu.  is  ther  theoretical 
torque  output  leas  the  actual 


T 


2.23  % 


0.25  «  1.1  n-m 


(Ail- 62) 
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Apparently,  the  urop-off  in  torque.,  as  speed  Increases, 
,:o  ranid  that  there  is  instt.fi ieient  torque  to  overpoise 
tooth  action  and.  ysuco  rotation  in  the  jihex*  direction. 


is 

the 


reasonable  to  believe  thg,t  the  material  and  shape  of  the  t'X 
spline  do  result  In  a  high  resistance  rotor. 


Looking  at  it  another  way.  this  is  a  1/2  h.p.  motor,  or  373 
watts ,  For  a  peak  efficiency  of,  say,  40J>  for  a  high  resist¬ 
ance  rotor  ft  1/2  synchronous  stseed,  or  7.800  ruta^  viv*  nfiaujairig 
th«t  of  flu J ouey  with  its  usual  rotor  is  80j8,  torque  output 

at  J./’;.?  spoet*  would  'be 

T  —  . «  0.&9  n-m  (All-63) 

(  ieoc  ^  an-  "j 


and  for  an  oooent!a1ly  straight -line  torque -speed  curve ,  at 
stall  the  torque  would  be 

T  »  8(0,69)  <•*  J.38  nan  (All-64) 

•  U  „  ji 

which  is  very  close  to  the  figure  of  1.1  obtained  above,  s 

Thu  above  may  const.!  tutu  «  reasonable  explanation  of  the 
bbhavJLor  of  this  device , 

Ovehnll  efficiency  .Is- only 

v?M  »  ggp  _  -  0-&  •  !!  (All -.65)  . 

It;  should  also  be  mentioned  that  the  torque  output  of  the  V 
model,*  with  the  same  voltage  input,  varied  quite  widely 
r*,w  •*«  -»2-w  r.  .  r .  h-v;;;,  •  tho  r ,  1;  1 xv!  obtained  in 

tin}  November,  1962  tests:  in  line  with  the  above  analysis,  it 
deqa  not  seem  that  this  could  be  entirely  accounted  for  by  a 
change  in  7)~,  but  a  change  trip?  is  believed  to  have  occurred. 

One  of  the  problems,  of  course ,  Is  how  to  design  the  powder 
gap,  core  slots  ,  and  powder  material  so  that  :!  b  can  move  freely 
in  and  out  of  the  gap ’ and -produce  ft  high' permeability  when 
linked  by  flux.  .  \ 

XI-2  optimization 

Consider  next  what  might  ba  obtained  if  various  o-f  the  negative 
aspects  could  be  over  come.  Assume  that  the  flexsplihe  is  made 
of.  plastic ,  that  the  powder  has  a  permeability  equal  to  that 
Obtained  -in  magnetic  clutches,  tb,ar-  the  powder  gap  is  decreased 
oo  that  ij-s  minimum  value,  at  which  point  flux  is  very  low,  is 
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equal  t,o  the  Hamonlc  Drive  deflection,  that  jfthe  powder  jn 
mngHctised'lfto  its  saturation  point  of  6.0  Vi/tf?  (beyond  that 

^  fv*  *-*i:  ^  '  t  ’  4  ^  ■r\  P  *.*\  i*>.  >"i  “?  v— ^  '  •£-  /**,  \  /v.1..  *.  X*  jt.*  i  , 

•"■'  '*-4»*-*  *vmv*1.  w  a  a.  At  xwi*w^i  wt‘  m  a.  clyJLvt  •*£  }  j  miUA  Li, licit.-  t»£it£  4£VfH  itQ  'C 

boro  is  modified  to  give  .»  0.7.  The  same  number  or 
turns  will  be  retained,  l^ven,  for  e  three-phase  device 
0  2 

Pm  ”  3(°.8)  •-•=  O.53  vf*r,  for  One  phase  (All-66) 
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This  value  glve/MJjrzV  «  4.1  which  is  considered  satisfactory 
tvT  plastic.  .'>.? tfye  thero  is  no  induction  motor  counter  torque , 
useful  power  output,  is;  .*  • 


(All -72) 
(All-73) 
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(All- 74) 
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the  minor  axis; 
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(All-75) 
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Far  (Sinusoidal  flux  distribution 
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(Ail-80) 
(Ail-81) 
(All -83) 
(All -83) 


Since  lei;^ 


Jq,  1'e.  “■ 


and.. the  stator  copper1  load  per  phase  is: 

p 


0.86  watte 


«  (0.46)"'  4.1 
and  the  total  .1.3: 

Po  -  .3(8)0.86  •*  5,1  watts 


( A1 1- 
(All- 


(All 


84) 

85) 
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•The  main  unknown  factor  is  the  eddy  current  loss.  This  shahid 
be  far  leas  then  before  opylmi autlon.  Let  us  take  It.  as  1/4 
of  the  previous  value. 

'  83 

4  »  21 


P, 


wa  fc  to 

Thus,,  the  Input  power  required  la 


(All -67) 


Eddy  current  loss  Ft 


1. 


Stator  copper  Jobs,'  ft, 
Harmonic  Drive  output^ 
Harmonic  Drive  frictional 

lose  ■=»  0. 


«  21  watts 
»  8.1  watts 
24  watts 


Total 

24 


10,3  watts 


bO  watts 


(All -88) 


fltfftmll  efficiency  7?i '■«  .  .. 

c:  on 
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( Ail -89} 


which  i»  ft  vast  improvement  over  the  model.  This  la  based 
on  the  validity  of  the  above  assumptions,  *of  course.  One 
problem  its  that  the  -  voltage  required  may  be  .greater  than 
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provided  by  a  22 Ov  (line  to  line)  main,  even  though  power 
in  less  than  previously,  A  possible  way  to  over-come  tills 
is  fco  use  a  la xyer  wire  sise,  decreasing  the  res  i«+*nr->*=  j»nd 
the 'number  of  tunic.  It  lb  not  believed  that  performance 
would  »e  degraded,  baaed  on  study  of  the  design  equations  of 
this  analysis  ,  ■  ■ 

Re  -  °  ~"~t,  *'■  £-6  xa  (/ 


(Re^  ■+-  v* 


313  A. 


Taking  and  the  same  as  for  the  preoent  model. 


Then 


R.,  Re  **4.1  +  16,6  »  2a.Y  jx 


x  „■(*.*  -  r,8)^  *  f*  <3. St 


*X  +  xe  -  8.2  +  T13"  313 

Itio  impedance  of  the  entire  circuit  ia 

"  |*._  .  _ 

•’+  *  1  Jl  -He*  — H-i 
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Zi^CoMi)  “  ^  per-  h»*fj!ph*jt«  (All-5 


.an<(..  E5f  *  £#k9  v  per  p^autc.  .  (7 

An  thin  in  more  ■  ttmn  the  line  to  neutral  voltage,  a  rode  sigh 
with  lean  turna ,  requiring  more  current  i»  desirable , 

Power  factor  (cos  0e)  *  ,ft£.  *>  «  ,07  (/ 
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XI -3 _ Inertia 

V 

n  The  significant  components  axv  due  to  harmonic  motion  of  the 
armature ,  r  '  & 

.7  a  «  rB  7T  f  »  *£  (:^>  "  *?J)Sy  (All- 

Kg  «  2.2  x  10“-'  m  i;  (All- 

»  3-0  X  10" 4  kg-m^  „  (All- 
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anti  output -spend  ratatlibn  or  the  armature  (powder)  and  core 

■vTr  ft'  -•••  ..5,0  x  10-'  kg  m"  { A11-1U3) 

giving  a  total  inertia  #  * 

'•  .  "  (All  -104) 


■  JM  »  9.0  x  10~4 


XI -4  FeilormAncu  Characteristics 

The  power  rate  and  other  important  character:!  a  tie  a  are 
giver,  in  Table  XVTI I. 

XI -p  Model  KHD-4  » 

Briefly i  the  torque  capability  la  only  slightly  lees  than 
that  of  the  KHD-B  with  the  selected  radial  thickness  of  the 
link, 

X0  *>  0.34"  iAj.i-.tOt>> 


Referring  to  Figure  .14,  equating  the  value  of  flux  creasing 
the  air  gap  In  a  90°  augment  to  the  flux  in  the  critical,  moat 
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polos  and  a  sinusoidal 

f  1  ux  d  .1  s rl  bu  1. 1 0 n 
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Thus  a  rt rrt,  P 

Tjjj  •  (5375)  8.1  >*  6.6  n-m  »  58  lb -In 


(All -IO9) 


The  measured  torque  was  46#  of  the  EHB-2,  t>ut  voltage  was 
only  83#.  The  lower  torque  results  from  the  saturation 
effect  and  the  reduced  voltage.  Baaing  total  Inertia  on  the 
following  main  components.: 

4.~--  J a  «  1.8  x  10“-’  kg-m**  .  (All -410) 

<T„  «  *  icr<  kg-m4'  ,  (All -112.) 

*  ?«  " 

<Jr  la  negligible  and  there  1.f  obtained  • 

%  -  i*8  *  10~J  kg-^  ( All -X i.2) 
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The  measured  current*  w.-is  J8o^  of  the  EHD-3,  presumably 
due  to  the  great <53*  than  expected  air  gnp  within  the 
ring .  However,  it  is  believed  lhab  net  reluctance  could 
be  made  at  least  ./ia  low  aa  the  improved  iiHD-2.  There¬ 
fore,  for  the  purposes  of  comparison ,  'the  same  current 
Will  be  used  In  Table  XVI II. 
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J.oad  Character! oti o®  >An*  foot. ion  >>.?•. 


ifrom  the  opj> i  loop  ?*•'•?. pony <:  with  model  H!;D-.,<,,  at  approximately 
srtuafcor  phase  ah  n't 

S  «  .Hn  <e«  4.  (Ai£--  0 


f  «••  3o  <ps 
Cl  *  t  o  '  iJ-'l/iec 
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t.cxut  uhtirftc to ria  flop  H'.'n’  ■"■•••■■*  ■> .  j 

A  t*M  time  a  tie  ts.tr  •’.el  cole  tie-},  .'loop  of  t  j  rfh  i..o  ;K>  opts.  This 

>nd«  t: . •  rihntt  71  •  (..<•  y/“  phuoo  M ■w.vfln  at  i;i-03t  over,  or 

l'.'"  to  00°  pUitKC!.'  shift.  Titu.ii  t!m  ratio  m"  >•• rottH-over  f.'recjuenoy  to 
the  i‘oe1.})ror,.rt.  »>/'  the  brr-nk  lYtHjiH<iv?/  should  he  al  ustt  O.'j.  Hence 
the  break  O'etjuenos'’  mn.it  />■  about  1/0.3  timer ,  iso  that  approximately 
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Ua fan; . 
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At  y.6  rpm.  rated  power  output  is  token  as 
0.6  x  13*>  **  62  watt  a 

TB‘ 

Current  for  these  tests  was  3  0  amps  per  magnet  or  leas ,  no  10  amp a 
is  used  in  Sections  6,2  and  6.3. 


Inland  Torque  Motor  Type  T.--S0Q1-A  Data  1’ 

The  manufacturer’' «■  data  states  that  the  maxirpuftt  speed  should  be 
“ under  1  rev/a 00 . ”  ■  Consider  a  value  of  1/2  this  .  or  36  rpm  for 
the  basis  of  calculating  TCi  .  Since  Tfo  «  300  lb.  in.  'for  it# 
general  rating 

^  «-  j  k  fo“  se<r.  •;  f 
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Foi?  the  comparison  of"  Section  6.2,  *  ~-6  rpm,  so.  the  use  of  ii 

gearing  is  Indicated  to  allow  Sm  to  be  30  rpm.  Thereupon  ynwe r 
nvnV?  i\j  this  application  Is  j{  i. 

//  f/,12- 7^ 


Th  W 


The  motor  La  thus  loaded  down  to  about  the  same  degree  as  the 
fCrlD-3 . 


The;  required  is  43  watts ,  for  which 

■  "tiV,  *  3p~  »■  Ifn-m  »■  i2*r  fb'/o  (AiZ-B) 

'  Qy\ 

At  this  ■■  torque ,  l'»  5  amp  a  ao  that  '•> 

^6-5'  «•  itdiw  ('A  iz-'Z) 

This  compares  well  with  the  'KHD-3.  Inertia  and  friction  of  the 
gear!  ng  ha v'q  .  been  neglected. 


S 1  o - Syn  Type  X<? SO-T*  temping;  ft h- •;  i>» tu 

The  manu  fac turetf %  data  states  that  the  Slo-Syn  motors.  c»n  atari  and 
stop  in  .025  seo. ,  so  a  't»  of  .006  sec.  will  be  used.  A  reasonable 
velocity  match  is  given  by  the  integral  planetary  gearhead  (4-1/3  to 
i  ratio),  for  which  maximum  output  speeu  la  ib.b  rpm  mid  torque  '  is 
4l  lb-in.  Thun  ut  9.6  rpm  power  output  la  4.6  wattit. 


filenl -isr-|-j-6a-22.Ci9-l  UorVo  HO frer  ivu-n 
The  manufacturer's  data  shows: 

«  Scoa  rp* >  fit  p?a k  ^  (Aie-io) 
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Inland  Torque  Kotor  Type  T-IOUQ-t-A  Data 

For  Section  6,3i  this  higher-rating  unit  is  required, 
smaller  type,  a  gp,  of  30  rpm  will  be  ueed,;  Hence 
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Assuming  chat  i'M  r*equii*ea  ’  -  p  available ,  allowing  for  tfte  gear 
frictton  loss  fJenfc  current  required  is  lo.2  ainps  and  I*-R  ip$s  is 

X*&.  =-  (f6-^,)44  *  it>5o  w  12-17) 
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::  APPENDIX  XIII 

DEFv*RMED-r>I3G  /HARMONIC  DRIVE ' 


Given  a  d.lac  which  is  buckled,  or-  deformed.  Into  a  lobe  patterin'' 
as  shown  In  Figure  8/  (A\  it  can  be  mathematically  shown  that, 
the  orbit  of  wot. Join  of  a ’particle  on  the  surface  at  radius  tails 
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PJQUHK  6r  -  DEFORMED  DISC  HARMONIC  DRIVE 

From  Figure  8' 
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In  general,  then 
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and  the  uirnumforent  tel  shift,  y0 ,  .is  email.  Of  oovrae .  operation 
as  a  friction  dev*  so  produo  1  nj-;,  Har monlc  Drive  .appoiuca  pwonlblu,  but 
linearity  and  accuracy  would  be  poor  rib  with  any  Friction-  drive,' 
Involving  do  flections,  In  order  to  put  teeth  on  the  disc,  it  J.js 
necessary  for: 
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Aa  a  practical  meadisy*# .  tenth  fine r  than  .160  J'p  are  expsfna.tv«  and 
of  questionable  reliability.  But  these  are-  not  fine  enough  to  bo 
useful  here;  sc  let  us  eons ldor  nn  oven  finer  pitch  of  2j i>. 


rrv 


(A13-6) 


,  006  " 

(.A  13- 7) 

JO 

r~. 

■  4  G  >;■>  *  .«*j  r* 

(Ai'3-8) 

O.  1ST  S'  f  if/' 

(a  1  3-*  9) 

Since 

%  - 

"  il  N  <rc''r  Alb  *  R  (H  number  o-f  •fw&HV, 

(A  i  -a-  ifj) 

and 

N  - 

»  2fjVS>  *■•  s,i?  r'o 

(yA  |3~  II) 

Then 

%  c 

«  «S6  fj  «•  >fa  Q, 

£>  .1  **'  * 

(a  ij-ta) 

Conoids?  three  possible  sizes,  as  shown  In  Table  XXXIX 

\ 


P  . 
«• 


100:1 

£00: 1 

• E00: 1 

fo 

0.39 

0.78 

1 .56 

v -Ti¬ 

o.6c 

ft.  BO 

1,26 

ft 

0,96 

0.136 

0.194 

O.CEb 

,  0.175 

0.125 

TABLE  XXXXX  -  DEFORMED  DISC!  HARMONIC  DRIVE  PARAMETERS 

Tb«  practicability  of  obtaining  these  amounts  of  deformation  18 
doubted ,  for  other  than'  extremely  thin  material  which  would  not 
have  the  capability  of  very  high  torque. 
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APPENDIX  XIV 


fALCU£»ATiON3  OF  SOILING  MOTORS'' 


and  Util.1  zatlon  Fac tor ,  H 


This  fa 'tor  represents  the  proportion  of  the  greet;  pol#Wsrba  ■that 
ran  be  used  for  a  magnet,  when  a  constant  clearance* ,  ,u/> /between 
magnet*  lb  :ucsdr/>uvc-K'  - 1  '••••  .*•*  :  ■'  ‘  ,’••■_  •'  /  ■/ 

o'  •  /•’•  . 

For  the  3F  type,  m  is  taken  aa  1/4  inch.  (6.4  x  10". ^o)  and  the 
number  of  magnate  ie  taken  as  lo  for  all  sizes,  Thus : 

X%>. .  a  ■■■  v'  ? 

U«  Jt _ — -  -  I  -  f  I-  Ziznc:  (hh  n 

M  1  nj?f>  ■  m.~  U0.4-.U 


V  X)y> 


3,3 

ipp 


*'■  K1  -  3-3  x  10' 


(A14-2) 


For  the  RP  type,  u  la  taken  ftfl  0.170"  (4,j£  x  10' \m}  and  the  number 
of  stator  pole  slots  as  24,  corresponding  to  model  -EKD-S,  for  all 
siaos.  '  :  /  > 


Thus : 


IK-  i- IS*  -  i  -  20^21 


' ,  // « 
7  V 


ir 


3l.3klO"8  - 


(A14-3) 

(A14-4) 


,  K,  < 

Kp  and  Moon  To rune , 

It  Is  first  shown  that  Tw  varies  as  the-  product  of  V ' and  vJ*, 

Assume  that  b  (leg  axial  width)  Increases  linearly  with  Dp/ 
w  (magnet  circumferential.  width)  Is  proportional  to  ^Dpu,  and 
the  lever's  mechanical  advantage  remaims  constant. 

The  produce  of  these  is  A^  which  is  proportional  tb  Ffo  fOP  eons  tout 
/>.  ■  "  ■ 


Tfr,  is  proportional,  to  %  Dp/ 

|j  .  •  '  •  H 

Therefore*  ^  «  11  *  .  1 

Tm«  Kg  U  Dp5  »  ■  ,  r.  (Al4-f) 

■  •  ;  .  “‘A  •  j*  " 

For  model  EKD-3>  with  a  ulngl'b  a.fcpp  '  !i  i;  51 i 

II  •  ’  (j  ”  <•  p 

••  Tm  6°.  |p  y  8  ,,25  $  20  jj  ',u»“  !/  |H.2jpxlO-f. 


"■n 


’!  "  >: 


!i  v,  ■  ft4i: 


-*)  . 


,}l, 

P.t!  ....  u*-" 

ii\-  jl-"V  5}  f 

« ••  h  -i}.:’  «  •• 

SI  h  t  V? 

<•  il  v-.-.j'  r_  {! 


:'.’/.  il 

U  .  i'  If 


V.  f; 


/«.  *.)  ;;  v.  'V  \i  h,  ..  G  "/ 

\  ii«fis.  •  -ji  |i  ■  */ 


/!  - 


r  *'  ..  (i  B  .  n 


II 


k-y  *  1.75  X  10-' 


(A14-7V 


with  «  double  r.tpp,  %  -  73  n-m  and 

K2  «"  jjl)  1 .75  X  1(P  *  2'. 
For  mpd<?l  S3n>-5  (modified) 


L0&  -  2  .  it  x  10- 


■  -  «,a  n  -m, 


i;> ,  h  a  10  fn.  U  0 . 50 


■K<>«  i  *=■'  5.6  x  10 

‘‘  ®p3 


%  and  ’  Ine  r t- 1  a JM 


( AlU~8) 


(A 14-9) 
(14-10); 


It  was  shown  in  Section  ?  that  varies  substantially  aa  Dp^. 

,i  h 

t'or  ShD-i,  tfjvf,  »-  1.2  x  J.o  2  iip  -  0,25  x  icr'-rn 

K>  ri  "Mt  1.?  x  JO3  (A14-U) 

}  «»*•*•*•*-*  '  f 

®p  ,  ■  f  ■  ■ 

For'  EHD-2  ( modified)  »  9.0  x  1<V2* '  kjg-ift2,"'  >  ... 


.1  /  . 


.1  K-a  «  780 


(A14-1S) 


and  Output  Speed,  0^ 

f  0  V  Ji ,  TiiMil  cl  B-UJ^A*,- .  i.  yuy  <  U«»WV*  Wl.  i-  »■  iWv  B  tofc'yrt/ J.JUC 

,  stops  input  rev.  output  x'ev,  ^  .—  rad. 

*  1000  x  ., ■  X .  „  x  *i  '< 

'  ooo.  16  steps  %  input  rev,  rev. 


But  J%  *  1900  I) 


%  “l 


0.21/r 


(A14-13) 


.  .  «  ,  0.21 


For  the  double 


-  step  end  dounl 


(A14-14) 


to  !■ 


-  V  ft  ii;  •  il  ‘i.  ,'i 


r  ”  !'  !'  «.  ■'.  .  \' 


■  •  n . 


■  ,«(S  - 

1900 

For  f  —  HO  rps  ■- 

A..  _.  O 

■1  ...  trrf/n  _  „  0,20/D 

"  "P  .  1900  Dp  '  ! 

i  l\  1  h  ..  t  h  T 

1  ,  .  .. . 

•  K;,  ^  0 

S',  ** 

.21  ■  ••’ 

{ AiM-lfi) 

Kf;  and  i<r.  H  lose 

.  ‘ 

Assume  that  MM.1'  is 
N  '  ;t  a.  propart lonol 
to  Aq.  or  U  T>? • 
poicfciOhuj.  to  u 

TiHD-  3  ,  (  R)ivi  w 

proportional  to  Dp.  Since  i?-.  in 
to  Dp.  ■  The  mean  length  of  turn  is 
Using  «  constant  wire  stjw .,  Tt  d  a  •  fcl 
.  Thus  Un  B  la  also  proper U  uruu 
180  watts 

to  be  constant 
porportional. 

furti  pro~" 
t,u  U  Dp-4'.  For 

./;  k 

5  «  5,2  X  1<V-'  . 

(AIM -.17) 

iW  KHD-C'  dnodmed)  i.ifn  ■•  0  watts 

-U  • 

\\  • 

*  •  Ki.  ♦» 

••  3,M  X  10 4  ••  .. 

(AIM  -1.8) 

■  '■  i!  '  ...... 

Kg  'mki  Voltage,  E 


4  r»  ■  ”c,i*  '  thS-  «H  wT^Op  plv.t:  f  -  hianiUi-ttw'l1  trry'l  t'  pira  . 

b lined ‘properly  »'or  the  vmvet'orm.8  or  Chase, angina  Involved.  :  M 
yoitfc^e  y,eu,.^@ll„jfop-;ti}'ie  SP  type  .with  vne  angle-  arid  Is  mil to  complex 
for  the  BP  tysje"  ..£nly-  -an -.order'  of  -magnitude .  Is  -  calculated  here, 
based  on  "he  assumption  that  voltage  varies  with  D  *  (Both  Tesla-" 
tanc.fi  R  and  Inductance  roughly  vary  in  this  way). 

For  EHB-3 ,  an  approximate  peak  voltage  .of  Bo  volts  is  estimated 
for  this  speed ,  Thus:  ;  ',r-  ,(  • 

Kg  V  L?x  #  (AIM -19) 

For  KHD-S  (modified)  M  *  290  V  nns.  Thus:  ' 

Kg  .  ..6*7 -x  10H  ( AlM-20) 


K?  9 ml  ,  V',  A 1 3 r>  _ar.d_  hk,  Wt 

From  one  viewpoint  volume  and  weight  would  scale,  as  Dp3.  However, 
there  are  sort  sin  ciomanto  that  yoaecae  a  aintmdia  al£e  rogardl&aa 
of  the  actuator  size .  and  these  would  not  increase  at  quite  so 
large  a  rate .  Hence  for  simplicity  consider  th&V  volume  and  weight 
scale  the  samp  as  torque,  i.e.  the  ratio  of  torque  to  volume  and 
torque  to  weight  remains  constant,  Furthermore ,  an  assessment  is 
made  of  the  reduction  in  alas  ,  and  weight  that  should  be'  obtained 
With  the  present  models  through  design  refinement. 

These  constants  are  calculated  as  follows: 

...  11  u‘ 

For  the  BID-3,  V  240  i«3  is  3,9  x  KT3*3,  Wt  -  22  lbs.  *  10  kg 


Assume  that  both  nan  he  reduced  hy  10# 


.  Ky  -  K  ?.  V  4< 

.  '  % 

0,90  «  1.1 

,.  (A14-21) 

k3  *  K*  W.t 

x  0.00  ••*  2.7  x  10^ 

(AJ.4~.22) 

..  \|  ^ 

FOr  EttD-2  (modified)  V  *. 

190  In-  •«  3,1  x  10 *n3 

Wt  ■■» 

J.G  1  bu  -  7. a  kg 

Asaume  that  both  can  be  reduced  by  £0#,  considered  a  reasonable 
figure  since  no  attention  woo  given  to  "light  ■■  weighting  or  min¬ 
iaturization  In  the  project. 
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V  A 


10 


\  Ai4~<z3) 


Wt  x  Os 50 


2 . 3  X  103 


(A14-24) 
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